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. Focus of Project -

This project is concerned with how novices learn to become creative users
, ; \
of electronic computers. In:part&cular, this project contributes to what

P

Scheiderman (1980) calls "software psychology" -- a theory of how humans think
about and" use cémputers. This project is based on a cognltive analysis of
elementary programming statements in BASIC and Calculator Language into .
conceptual units, similar to techniques for. analyzlng arithmetic computational -

skill (Brown & Burton, 1978 Groen' & Parkman, 1972; Resnick, 1976). In

t

addition, this project builds on previous research on learning BASIC computer

<
-

.

programming (Mayer, 1979f. . . e T i v
The nain'goals of the project are the following:.
(¥) Analysis of the "bugs"'in people's knowledge of elementary'computer .

programming. This i)roject specifies a user's !7uwledge in terms' of specific

"bugs* in his or her understanding of each statement or command. By using a

more detafled level of analysis than has been traditlonally used, we have been
<D

able to make specific diagnoses of what users do not know. This technique is -

similag in some respects to that used by Brown and Burton (1978) in analyzing

procedural "bugs" in arithmetica ¢ L VI

(2) Remediation of commonr "bugs" in computer knowledge - through

instruction, Once a user's knowledge is desck}bed in terms of "bugs" in his

@

or her understanding of statenents, it'isrpa¥sible to develop remedial

training that’ focuses. on the missing concepts. As part of remedial-

instruction, we have used conerete:models of the computer which allow us to
P ) )

show the flqw of information for each’ line of code in a concrete and visual
way. - Our instruction helpSfthe usérs to see what goes on "inside the

computer" for each statement.

~

/" ° “ o

(3) Determination of technrques for helping students to become creative
. ) 3 * - - :j J
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users of computers. A third goal of this project is to determine whether the
diagnosis and remediation techniques outlined above will enhance the

problem~solving performance of our students. This project provides both a"

&

prectical and a theoretical ‘test of the usefﬁlness~Q£/cognitive analysis
techniqies in a real learning and problem-solving task. In para}cular, thréi\

. project ;;§\?emonstrated that instruction in specific "mental models" has a

o

positive influence on problem—solving performance in programming.

Rationale of Project .

Some knowledge of computer programming is rapidly .becoming a survival

skill. Elementary computer programming is being incorporated into science and
mathematics Curricula of many schools, and as part of the technical training

for many adults. Recently, Carnegie-Mellon University has announcad that‘all
. 2 ' . s
students will be required to buy computer terminals as part of their college

¢

educational materials. With increasing improvements in computer power,
coupled with‘decreasing costs, there are indications that computers will
" become'a common feature of our nation's classrooms.

In spite of_irgmendoue,achievemente‘in‘hardware development and the;

advances in producing educational-software,‘there has been comperatively

£

- little basic research on how to teach computer programming. Other topics in

mathematics and science have enjoyed long histories of instructional research,

AY

but computer programming is so neg that it has not enjoyed a'simiIar research
) A

emphasis.

L

Since computers are becoming a part ‘of many classrooms in our nation, and
*‘Vdv—- LI

" eince e1ementary' programming is becoming “a part of: math and science

curriculum, there-4s a need to better understand how beginners learn to use

computere. This project provides new information concerning the processes by

[

vhich novices learn computer programming, and how to help novices become




productive users of computers. .

Organization of the Final Report

4

This Final Réport describes the methods and results of the projecé.c
Therg are five major sectiong of the report, covering each of th: tasks listed
in the project proposal. . '

‘Chapteé 2 presents a review of 1iterature7ébncerning the psychology of °
computér programming. The review focuses on ;esearch in cognitive psychology
that ig relévant for the study of how novices learn programming languages.

7 Chapter 3 déocribes how a calculator language can be analyzed into

cqﬁééptual units and how users' knowledge can be. evaluated. In additionm,

Chapter 3 presents data concerning the frequency of major '"bugs" or

misconceptions in users"knowledge of calcuiators.

Chapter 4 describes how ﬁASIC can be analyzed into cpnceptual units and
how';sérs' kﬁgwledge can be evaluated. In addition,'Chapter 4 presents data‘
concerning the frequenéy of nﬁjor “bugs" (or misconceptions) in users'
knowledge of BASIC. | | .

Chapfer.S fo;uses on instructiénal technidues that may be useful in the,
remgdiétion of specific "bugs" in users' knowledge of calculator language. In

-'particulaé, this chagter explores whether students can be taught to use
"mental mbdels" and ;hether‘use of the models eﬁhapces problem-solving
peffa}mance; * |

Chapter 6 focuses on instructional techniques that may be useful in the
rémediation of user'g "bdgs; concefﬂing BASIC statements. In particulaé,"this
chaptér explores whether students can be taught to use various "mental models"
for BASIC, and whether use of ;he models enﬁances problem-solving performance.

\ <

These s8ix chapters constitute.the firét'volume of this final report. The

-second volume- summarizes the sume’ research, but does so in a way more

’

1~
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appropriate for practitioners. -

Project Accomplishments‘

. The Major accomplishments of this prOJect have been the’following

Task analysis. We have developed and refined an analysis of BASIC and
*Calculator Language. The analysis yields a set of elementary actions that go

on inside the computer, and which are important for the usger's understanding .

- L4

of the language.”

]

Development of . Evaluation Instruments. We developed ‘strnctured

-

ot w
questionnaires to assess a user's knowledge of the statements of BASIC and -

4

Calculator Langnage. Through several studies,.we refined the evaluation Toe

instruments so that we are now able to measure user's conceptions of computer

languages. ’

a

Diagnosis of bugs. Using the evaluation instruments, we have identified,

\\

typical bugs in osers' understanding of ‘BASIC and Calculator Language. For

0

exampie, a high proportlon of users think that LET X = A + B means that an \ .

' equation is- st&red in memory. AsS anqther example, a high proportion of tsers
Lthink that READ A means that the computer prints out the value stored in
memory Space A, A majpr product of this diagnosis effort is a 1ist of

standard miscoﬁceptions for each statement, based on student performance.

Remediation of bugs. We have ‘developed and implemented training

procedures that_are aimed at corrécting specific bugs “in a user's knowledge. =

For both iASIC and Calculator Language, we have developed instructional”
- . ' »

techniques based on our task analysis. These techniques have strong and
* [} i “ .
] “ ‘

reliable effects on elimination of bugs -in user's ?nderstanding of statements.
°

Effects on problem solving. Finally, we have studied the effects of

)user's~knowledge of BASIC on actual problem solving in BASIC. The results

indicate that students’ problem—solving performance 1is enhanced when bugs in




oY o . . .‘ . “.’ bl . . 6 »
undexgtanding of statements are minimal. Thus, .we have “btained evidence that

user's knowledge of BASIC statements at a "transactiolr level" is' related to-
. - .
superior problem-solving performance. '
i A

Project Implications .

This project ﬁrovideé new infprgation concétﬁlqg how students learn
computer programming statem?nts. Ip'particular, this projéct has do;uqented
_the existeqce of users' mfscpﬁh@ptions of.computer'p;pgramming statements, énd.
has examined inétructional‘techniquesffOF remgdfgting>these miscangeptions.
The results have implications both f6£ cognitive Eﬁeory~and for, the teaching

+

of computer programming in American schools.

Qe
,

The results indicate that~"hands-on experience" does not necessarily lead
to unaersténdihg of programming langqagés. Many students developed serious -
bugs’ in spite of hand;~on experience. Some direct instruction is required ™

-coﬂcetning the underlying cbnceptual events and ideasiin computer prog:amming.l

L)
4 .

The results indicate that it is possible to provide direct instchtion
- :

concerning "what goes on inside the computer" for each statement.’ This, level

of?instructipn is needed when the goal of instrucgéon is creative probiem

-

solviﬁg.
goren : g
The ?;e‘#xlts indicate that remediation efforts could be directed at:
v ' . :
specific bugs rather than overall mastery.
L : A\

"What is learned" in computer programmings involves both specific facts *

and a "mental model" of the system. - Students, need help in deJEloping

productive mental models, including direct.instructianabout models.

N .
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INTRODUCTION o ‘ - L

This article focuses on the question, "What have we .learned about how-to

L

increase the novice's understanding of computers and computer programming?' In
': pairicular, this paper reviews ideas from cognitive and educational psychology

that are related to the problem of how to teach non-programmers to use com-

.
. ]

’ »
' puters.s Since péople who are not professional programmers will have to learn
v . . N . ’ : .
14 .
' how to interact with computers, an important issue concerns how to foster
%
|
|

o Y meaningful learning of-computer concepts by novices. | . /.

' §v° ‘ Meaningful learning,is viawed as a process in which the learner connects

new material with knowledge that already exists in memory (BRAN79) The ex-
.

isting knowledge in memory has been called "schema" and the process of coa—V -

i"‘ : necting né& information to it has been called "assimilation. However, there
5 : ) L 1
h is ‘not yet agreement concerning.the specific mechanisms that .are involved in -

‘"aé,e,simnation to schema" (ANDE77, AUSU77, BARD32, KINT74, MINS75, RUME7S5, -

i

|
l

'“l, ‘" §CHA77. THOR77). 5.
<L sowg, moun.
|

Figure 1 provides a general framework for discussion the process of

s A ' )

o omeaningful learning (or assimilation to schema) of technical information
5 s oo . ) )
T *(MAYE75a, MAYE79a). In the figure, the human cognitive system is broken down
5' . . . v' ) . . . y
E . into: - " . i~

short term memory -- a temporary and limited capacity store for holding ,

.

B i sand manipulating information,.and

r long term memory —-- a permanent, 6rganized,~and unlimited store of
=N . .

existing krowledge.
| . : * - ' A
New techhical‘informa;ion entexrs the human.cognitive system from the outside -

i and must go through the following steps for meaningful learning to occurg

)
:

- ‘ -
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. ) (a) Reception. First thé learner must pay attention to the incoming
< L

- -

information so that it reaches short term memory (as indicated by

. t
. arrow a).

(b) :Availability. hecond, the learner must possess appropriate

-

- " prerequisite concepts in long term memory to use in assimilating

5

‘the new information (as indicated by point b.)

(¢) Activation. Finally, the learner must actively use tl .s pre-

requisite hnowledge during ,leariing so that the ‘new material
L - * may "be connected with it (asuindicated hy arrow c‘;rom long term -
menory to short term memory).
Thus, inrthe course of meaningful learning, the learner must come into .
contact with the new material (by bringing it into working memory), then must
" search long term memory for what Ausubel (XﬁSU68) calls approprlate anchoring
jideas" or "ideational scaffolding," and then must transfer ‘those ideas to

working memory so they can be combined with new incoming information. If.an& of

~"."  these conditions is not met, meaningful learning cannot occur; and the learner

o

- -

will be forced to rotely memorize each piece of new information as a separate.
,item to be added to memory. The techniques reviewed in this article are aimed
. at insuring that the availability and activation conditions are 1ikely to be

méto '

Inrert Figure 1 about here

The goal of. this article is to explore techniques for increasing the

~ = novice's understanding of computer programming by exploring techniques that N

activate the appropriate anchoring 1deas.’ Two techniques reviewed in this

»

. pquEZ%Fi. (1) providing a familiar concrete ‘'model of the computer, and
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+(2) encouraging learners to put technical information into their own words.
Each technique is ag'attémpt to foster the process by which familiar existing

knowledge is connected with new incoming technical information. For each

o
technique, a brief rationale is presented, examples of résearch are presented,

’

and an evaluative summary is offered.

¢
a

1. UNDERSTANDING OF TECHNICAL TNFORMATION BY NOVICES

1.1 Definitions

9

[

For present purposes, understanding is defined as the ability to use

"learned information ia prpblem solving tasks that are different from what wa;
explicitly taught. Thus, understanding is manifested in the .user's ability to
transfer learning to new situations. Novices are defined as users who have had

little or no previous experience with computers and who do not intend to become

.

professional programmers, and thus lack specific knowledge of computer pro-

E

gragming.

1.2 Distinction Bétween Understanding and Rote Learning

The Gestalt psycholoéists (WERT59, KATO042, KOHL25) distinguished between~ -

. two wéy§ of learning'how to solve problems--"rote lea;ning" vs. "understanding."
-With reépect to mathemaﬁics learnihg, for example, there is often a distinction
made betweeﬁ "geﬁting the right answer" and "understahding what you are doing."

In a classic example; Wertheime; suggests tﬁgt there are two basic ways té

teach a child how to fghd-the area of a parallelogram (WERT59). One .method

»

involves dropping a perpendicular 1ine; measuring the height of the perpen-
dicular, measuring the length of the base, and calculating area by use of the

formula, Area = Height x Base. Wertheimer calls this the "rote learning" or

AN

"senseless' method, because the student simply memorizes a formula and a pror

.

cedure. The other method calls f6F the Bfudent to visually explore the par-

&

allelogram until the student sees that you ;ould cut a triangle from one end,
A . .‘. . L ?

~

14
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" put it on the other end, and form a rectangle. Since the student already knows

how to find the area of a rectangle, the problem is solved. Wertheimer calls

this method "structural understanding” or “meaningful apprehension of relations,"

since the learner has,gained insight into the structure of parallelograms. S
According to Wertheimer, if you give :a test 1nvolv1ng parallelograms like

the one used during instruction, both groups of children w111 perform well

However, 1if you give a transfer test that involves urfusual parallelograms then

"\

the rote learnmers will say, "We haven't had this yet,'" while the understanders

will be able to derive answers. Thus, the payoff for understanding comes not in

. direqt application of the newly learned material, but rather in transfer to new

situations. This example suggests that when creative use of new technical
information is the goal, it is important to use methods "that foster under-

standing.

~ 2.0 DO CONCRETE MODELS AID MEANINGFUL LEARNING OF COMPUTER PROGRAMMING?

2.1 Statement of the~Prob1em

Since novices lack domain specific knowledge, one technique for improving
their understanding of new technical information is to provide them with a,
framework that can be used for incorporating new information. 'This technique
is aimed at insuring'availability of knowledge in long term memory (See Figure 1).
The present section explores the effects of concrete models on people's under-
standing and learning of new technical information such as computer programming.
The major research questions concern how concrete models influence the learning
Process and how to choose an effective model.

2.2 Concrete Models in Mathematics Learning

One technique for providing the appropriate prerequisite knowledge is the
use of familiar, concrete models. For example, Brownell & Moser (BROW49)

taught third graders how to use a Subtraction a1gorithm using two dlﬁferent
i}

15
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methods. ©ne group of severai‘hundred children was taught by using concrete

objects like bundles of sticks. For these children, concepts like "borrowing"

and "place value" were described in terms of rearranging bundles of sticks into
groups of tems. The other groupawas—taughtrin”a“"pufely”mecﬁanicalfrote”Wi7' -

77fashion"; these children were explicitly given the rules for subtraction at the

start and given plenty of "hands on" experience in executing the procedures on

standard two digit subtraction probiems. Although both groups of students

learned to perform equally well on standard two. digit subtraction probiems,«the'

students who learned with buﬁdles_of sticks performed better on tests in-

voiving transfer problems (e.g., more complicated subtraction‘problems).

~

"In current instructional practice, manipulatives, such as coins or sticks

or blocks, are used in mathematics teaching in order to make computational
‘procedures more concrete (WEAV72 RESN80) In a car:ful set of interviews with
children who were learning to subtract Resnick & Ford (RESN80) noted that
children often invented a concrete model to help them understand the procedure.
Since computer programming shares many of the characteristics of computational
procedures in mathematics, it seems possible that the use of manipulatives in

computer programming might be as Successful as in mathematics.

2.3 Models, Titles, and Advance‘Organizers in Text

There is also encouraging evidence tﬂ?t similar techniques may be used to
increase théhmeaningfulness of technical information presented in text. For

example, Bransford & Johnson (BRAN72) presented the following passage to sub-

Jects:

The procedure is actually quite simple. First you arrange

T

items into different groups. Of course, one pile may be ~

sufficient depending on how much there is to do. If you

16
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. have to go somewliere else due to lack'of‘facilities‘that is X
tﬁe next sﬁép; othervwise, yéu are pretty well set. It is
important not to overdo things. 1In the short run this may
not seem important, but comp}i;ations can easily arise. A
mistake can be expensive as well. At first, the whole
proceéu¥e will seem complic;ted. Soon, however, it Qillﬁ
become just another facet of life. It is difficult |

" to foresee any end to the necessity for this task in

. the tmnediate future, but then, one never can tell.

After the procedure is completed one arranges the .
materials into different groups again. Then they can
be put into their appropriate places. E;;ntually :

they will be used once more and the whole.cycle will . v ’

have to be repeated. However, this 1s part of life.

Subjects whé read this passage, &ithout a title, rated it low in compre—m:
hensibility t2.3 on a 7 point écale) and recq}led’an average of only 2.8 09t of
llé ideas from the passage. However, some subjects were given a de;cription of ‘ -
the topic-washiné clothesT-before the passage. These subjects raﬁed.ﬁﬁé
passage much higher in comprehensibility (4.5 ona 7 point scale) and recalled
more than twice a; much information (5.8 idea units out of 18). In additi&n, a
third group was given the dashing clothes topic after the paésaé; was presented. ‘
However, this group performed at aboutVthf same low level as the subjects who

yere given no topié,‘(rafiﬁg thgfpassage aﬁ 2;}/in comprehension and recalled an
average of 2.? idea units). Similar studies (BkAN72,’DOOL7{, DOOL72) also found

. that b;udents' recall of imbiguous and technical passage was enhanced when an

. organizing title or diagram or sentence was given “prior to reading. Howevef,

‘¢

\
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these tech%ioups did not have the’samm'faaﬂzjtating effect when presented after
the student_had read the passage. These results suggest that the_learner must
have an\;ppropriate assinfilative set auailable at the time of'learning.. Even c
though the same total amount of information may be presented, the students'
abilizy &o'recall'and use .the information in the passage is much higher when
the clarifying title or picture is given before rather than after reading.

Ausubel (AUSU68) has argued that learning of new technical prose may be

enhanced'by'providing an advance oréanizér-—a short expository introduction,

presented prior to the text, containing no specific content from the text,'butl
providing the general concepts and ideas that can be used to subsume the in-
formation in the'text. The first -advance organizer studies conducted by
Ausubel and his colleagues in the early 1960's (AUSU60, AUSU63, AUSUES),
provided some support for this assertion. For example, in a typical study

S
(AUSU60), 120 college students read a ZSOOrword text on- metallufgy'after

reading either a 500-word advance organizer that presented the underlying

framework for the information or a control 500-word historical passage. The

advance organizervpresented the abstract principles involved in the text. On a

-

. reading comprehension post-test covering the basic information in the passage,

the advance organizer. group performed significantly better than the control

group, with scores of 47% correct vegsus 40Z correct, respectiuely.

More recently, reviews of the advance organizer literature reveal that

’

advance organizers tend to have their strongest effects in situatdons where
. . \ . . -
learners are unlikely to already possess useful prerequisite concepts—-namely,

Ezr-tcchnical or unfamiliar material, for “low ability" or inexperiencedi
ltudenta, and when the test involves transfer to new situations (MAYE79a, .
H&YE79b) For example, to study the effects of advance organizers on different
kinds of materials, Lesh (LESH76) asked 48 college students to watch a four-

.
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16
hour videotape on finite.geometry. An organizer that‘EEVeczbncrete examples

and models'wasaprovided either before or after instruction. Tﬁe instructional

lesson was organized either in a order of'increasing difficulty (hierarchical

L

order) or in an order that repeated key concepts and related new material to

previous material (spiral order). Results of a standard post-test indlcated
that the advance organizer group outperformed the post-organizer group/for the
hierarchical unit, but the difference was much less for the'spiral unit. ’/

Similar treatment x material type interactions were obta1ned using social

' studies 1essons (SCHU75) and mathematics lessons (GROT68) Similarly, Raye

(Cj (RAYE73) reported that the title biasing effects obtained by Bransford & -
= Johnson (BRAN72) with the washing clothes passage were eliminated when the

passage was made more concrete and familiar. Thus, there is consistent evi—

dence that organizers have strongef effects for unfamiliar, abstract infor-
. W,
- mation than for familiar, concrete information. '

» In a study investigating the effects of advance organizers on students
with high and low aqility (or knowledge), physics material was taught to high
- % ’\/
s¢hool students (WEST76) Advance organizers, consisting of concrete models,

tended to improve test performange f low ability students but had a much

)

smaller effect for high ability subjects. Similar group x ability interactions
were obtained by several other researchers (RING71, FITZ63, AUSU62, AUSU6I,

AUSU63 'AUSU77, SMIT69). Thus, there is evidence that advance organizers have

a stronger effect on low knowledge or low ability 1earners as compared to high
knowledge or high ability learners. ‘ ,
. . ) .
Finally, in studies involving transfer tests (i.e. problems that are : -

different from those in instruction), there is consistent evidence that advance

17
1

organizers have a stronger effect on transfer performance than on simple re-
w

‘tention. For example, this pattern was obtained with material on mathematical

EKC RO ¥ S | - !
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- subjects, the first passage contained several concrete analogies, such as}

17

topology (SCAN67), number bases (GROT68, MAYE77), and an imaginary science

*

(MERR66) .

A

Many of the appareut‘conflicts in the advance organizer literature

(BARN75, LAWT77) can be accounted for- ‘by the idea that advance organizers

A

find. a way of connecting new information with existing knowledge-—-organizers

"are not needed for familiar material, experienced learners, or when the test

>

does not-involve jransfer.

While there is at present no foolproof prwcedure for generating useful

advance organizers, a ‘careful review of the existing literature suggests the
L 3

following guidelines (MAYE79a): (1) The' organizer should allow the reader to

generate all or some of the logical relations in the text. (2) The organizer ;

©.

_should provide a means of relating the information in the text with existing

knowledge. (3) The organizer shovld be familiar to the learners. (4) The

.
n

organizer encourages the learner to prerequisite knowledge that the learnmer
[ . ) . Vil
would not normally have used. To date, advance organizers,have been- most/

\ .

‘effectively used in mathematics and science topics (MAYE79a)

]
o

Royer and his colleagues (ROYE7S ROYE76) have demonstrated that /ncrete
models may serve as effective advance organizers in learning of new scientific .

-

information. In their studies, subjects read two passages, such as a pabsage
V-
on electrical conductivity followed by a passage on heat flow. For some\-

electrical cnnduction.being descriﬁed:as a chain of falling dominoes. Fq&l
other“subjects,?the first passage presented;the same information in abstract
form.vithout any concrete analogies. Reading of the second passage was facili-
tated if students h&dlbeen given concrete models. in the first passage (e.g.; .

recall of the infarmation in the second passage was about twice that of control

groups).‘ Apparentl&, the models'presented'in the first passage could be used

20 .
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by learnérs during the'reading/of the second passage tp help relate the tech-
- . L . N

t s .

nical terms to familiar concepts. . . N

N Y ., Similarly, White & Mayer (WHIT80) analyzed physics textbooks to determine
how concrete models were used. For example, many textbooks éxplain Ohm's Law
o by describing water flowing in pipes, or a boy pushing a heavy load up an
inclined street,.ot e1ectron flow through a circuit. Recent results (MAYES0)
show that when concrete analogies are embedded in a technical ie*t; tnovices
‘ tend to perform best on recalling these familiar models and tend to recognize

the information adjatent to the model in the téxt.

~2.4 Concrete Models in Computer Programming

In previous sections, research was presented concerning the role of *

manipulatives in mathematics instruction, titles and pictures in remembering \

-

ambigupus passages, and advance organizers and models in scicnce text. In each

case there was evidence taat these techniques serve to provide the 1earner With

appropriate anchoring knowledge that.is required for comprehension of (new tech-

nical information. The present section focuses on research related specif- .

[} »

ically to computér programming. : ) o .

DuBoulay and his colléﬁgues (DUBO76 DUBOBO) have provided a concrete ?
model for teaching LOGO to children. The model consists of a conceptual LOGO
machine with concrete memory locatiohs, switches and work space, which allow
the learner to '"work" the machine. | ’ ' ' ‘ - o

DuBoulay and ‘his colleagues have argued that there are two basic approaches

to learning to interact with a computer. The first approach could be called

the black box approach: 1In this approach the user developes the attitude that . . '
, the computer is a black box--you put in commands and data and out comes the Y

answer as if by magic. The mechanisms by which the computer-operates are

. 4 hidden from the user, and the user is likely to assume that computers are just

-

L]
b4
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not understandable. Such users aré likely to memorize algorithms that "work"--
i.e., that generate the desired answers. However, such ysers are not able to

‘relate the commands to an understanding of what goes on inside the black box. @

& .

The second approach is what can be called the glats box approach. In this
& 4 ,
approach, the user attempts to understand what is going on inside the computer.

v

Each command results in some changeiin the computer and these changes can be
described and understood. * The lével of description need not--indeed should '
not--be at the "blood and guts" level. Users do not need to become electronics
experts. .. There- is ‘arf appropriate level of .des&:ription that Mayer (MAYE79c) |
refers to as the "transaction level." Similarly; DuBoulay et al: (DUBOSO)
offer two important properties for making hidden operations of a language more
clear to a novice:’gl)lsdmglicitz--there should be a.''small numher of:parts ,
.that interact in ways'that can Ee easily underStood,? and ﬁZ) visibility—-
novices should be able to view "selected parts and processes" of the model

"in action," The LOGO model appears to fit these specifications because it
is a simple, familiar model of the computer operations involved ih LOGO; in
short it allows the user to develop intuitions about what gees on inside the -4
computer for each line of code. Unfortunately, however, DuBoulaf and his
colleagues have not provided empirical tests concerning whether the LOGO '
'machine model actually influences the proslem solving performance of ned
.learners, as compared to "traditional" methods that emphasize only "hands on

experiences: ’ P

2.5 Effects of Models on Transfer Performance

-

In order to provide some information concerning the effects of concrete

models On learning computer programming, a series of étudies was conducted

(MAYE75b). In the studies, . subjects were either given a concrete model of the

A

computer or not. Then subjectswread a manual on a BASIC~like language and took

hY

a transfer test on the material.

RZ
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Method: .Figure 2 shows the model of the computer that was used to explain
—_— . - . . / . c
elementary BASIC~like statements to novices. The wgodel provides concrete

- ‘0/
« Insert Figure 2 about /hete. .
J

| / ' ‘
analogies for four major functional units of cvé computer: }ﬁ) input is repre-
sented as a ticket window in which data is linEd up waiting to be processe. 1nd“
I

is placed in the finished pile after being processed (2) output.is represented
L J

as a message note pad with one message writteh per line, (3) memory is repre-
sented=ae an erageable scoreboard in which téere is naturalhdestructive read—in
and.noanestr;gt%gf read—out,‘and (4) executéve control is reoresented ;h ;.
recipe or shoppiné list with afpointer arro }to indicate the line being exe-

cuted. This model 1is similar to DuBoulay's jmodel of the LOGO machine in the
e .

P
.

way it makes the basic operations of the computer visible to the learner. A
2 x 3 foot dgiagram containing these parts, aﬂ%;a brief one page description

were provided tq\eubjecte in the "model‘groﬁo"l(see Figure 2) bu! no model was
‘ ! . .. ’ . -
given to the "control group." " et s

° -

.

All sub!ects’then were éiven a lo-oage'manuai that deseribed seven state-
qents modified from BASIC and FbRIRAﬁ.;(see Table 1). For each statement, the
hanual presented the statement,ﬂprovided the grammar rules for the statement
(e. g., definitions” of legal adoress names), and gave an example of the state- .

ment as it might occur in a line of&a program . Subjects in both groups were

-given the saﬁe manual to read at their own rates, averaging 2Q to 30 minutes.

Following reading, the same test was given to all subjects. The test

£

. consisted of six types of problems: (1) generate—statementnproblems gave a

problem in English and required a one statement program as the solution,

I

.




(2)'generate-nonloop problems gave a problem in English and required a short

.

non-lodping program for solution, (3)"generate-looping problems gave a problem

& ‘ .
.in English and required a looping program for solution, (4)_interpret-sta§ement

probIems gave a single statement‘program and asked the student to describe what }

the computer would do, (5) interpfet-ng;loop gaje)a non-léoping program {kd

L.
asked For a description of what the computer would do (6) interpret-looping

problems gave a looping program and required a description of what the computer

[

would do. Examples of the six'problems are given }n Table 2.

Results. The proportion correct response by type of problem for each of

‘o R .
he treatment groupsvis given in Table 3 As can be seen, the control grﬁup
E

\

performs as weIl or better on problems that are very much like the material in

4
the instructional manual, e.g., genefate—state&ﬁnt and generate-nonloop. How-

-ever, on problems that require moderate amounts of transferl-—e.g., generate-
loop and the shorter interpret problems--the model group excels. Both groups
do ,poorly on the very complex 1nterpret-looping programs. The difference ,in

1

the pattern of performance is consistent with earlier results in other domains’
) “.
in which models enhance transfer performancé but not simple retention of pre-~

sented material. Apparently, the model provided an assimilative context in

which novices cOuld relate new technical information in the booklet to a

'familiar analogy. This learning process resulted in a learning outcome that

supported some transfer.

" ’ Insert Tables 4, 2 and 3 about here _
~ . : . ~

L]

2.6 Locus of the Effect of Models

' -

, One problem with the above study is that the model subjects received more

~”

information than the controls. However, assimilation theory (see Introduction)

» s
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predicts that presenting a ‘model prior to learning widl enhange learning be-
cause it provides a meaningful context, b&t»presenting_the model after the text

will not enhance learn1ng because students w1ll have already en ded the ,ﬂ

lmaterial in a rote way. In furthef studies (MAYE76a) Subjects read the same e
BASIC- li;e manual, but some subJects were shown a cohcrete model’ of the com-
puter’before reading while others were’ shown the same model after reading the v

manual. Thus subjects in the before group (i. e., those who received the model o

jfirst) were able to use- the model while encod1ng the material in the text, but !

: the after group (i e., receiving the model last) was not, . «

Y

Method. The booklet, model and test vere similar to those ysed in the . ,
previous experiment. The before group received the model, then the-booklet,

then the test. .The after group recéived the booklet, then the model, and them

thé'test. o w * A

» .
..‘ -

Results. The proportion of coﬁrect answers by type of problem for the two‘

A cs

groups 1is given in Table 4. As can be seen, the after group (like the controls N

in the previops study) excels on retention—llke problems (i. e., generation— e

»

statement and generation—nonloop) but the before subjects excel on problems

o |
requiring~6reativentransfer to new situations (1.e., generation-loop, inter- -

.

- pretationsstatement~“interpretation—nonioop) Thus, these results provide °

further support for the cla1m ‘that subjects who use a concrete model during

« - ’ .

learning deVelop learning outcemes that support broader transfer. As pre-

R .
4 . ¢
2 . : 3 - .

. . - . Y
dicted, the locus of the effect is before rather than after instruction.
. \ . ) , ' v

{ M »

. Insert Table 4 about here
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2.7 Effects of Models on Recall Performance

4 ’

The above studies used transfer tests as a’measure of what 1s learned

under d1fferent instructional tgﬁhnlques. Another technlque involves asking

T
subjects to try to write down all”t hey can remember about certain statements.

-

In a follow-up study (MAYESO) subjects read the same’ manual and were given the

’ 4

model either befbre or after reading as in the previous study.. However, as a
test,, subjects were asked to recall all they ‘could about portions -of the manual.

i Methdd.’ The same booklet and model were used as in the previous experi~ .

~

ments, with some minor modificationms. :The'before group réceived the model,

then the manpali then the recall test; the after group received the manual,

then the model, and then the recall test.

N Results. In order to analyze the recall protocols, the infprmation in the

- . rJ ’ a
manual was broken down into "idea units.'" Each idea unit.expressed one major

‘idea or action. There were three kinds of idea units in the manual:
- Al ""
(l) concgptual idea units related to ‘the internal operation of the computer,

(2) technical idea units gave examples of code, and (3) format idea units(gave

3

grammar rules. Table 5 gives examples of each type of ddea unit.

1

Table 6 shows the average number of correctly recalled idea units from

each category for the two groups. As can’be seen, the before group recalls ~
more conceptual information while the after group recalls more technical and.

. format information. ‘This pattern is consistent with the idea that good re-
A . @

‘ o tention requires recall of specific code, but good transfer requireB under—

2

standing of conceptual ideas. Also, Table 6'shows~that the befqre group in—

cluded more intrusions about the model ‘and about other idea units from other '

v

sections of the booklef, thus suggesting they integrated the infdrmation -

*

‘. better. For example an intrusion is, "An address is a slot in tdL memory

lcoreboard. The after’ group, however, included more vague Summar{es and

connectives which served as "filler." For example, a connectivé is "And that's

. .

EBE; ' : ‘ Ay
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(with very few operations) to a compugg—z program (with many different state-

ments integrated into one large program). Table 8 lists the five different

<
-

#kinds of programs used.
' 1

Results. Table 9 gives the proportion of correct answers by type /of

-

-problem for. the two treatment groups.‘ As can be seen, the control group

»

. performs as well as the- model group\on very simple problems like those in the
manual but the model group excels on longer prob‘ems that require creatively

“,integrating all of the statements in the booklet. Thush as in the studies‘with

Basic-1like naterials, a familiar model serves to enhance performance on cre-

.ative transfer when it is presented prior ‘to technical instruction.

ry, .

: Pa
-

Insert Figure 3 and Tables 7, 8 and 9 about here - -

2.9 Abiliry S .
I 4 .

¢

The pattern of results described"above tended to be strongest for low

2]

ability Subjects (MAYE75b) where ability is defined in terms of Mathematics SAT

Y

score, ‘For example for low ability 'subjects the- advance organizer increased ls-

.

transfer test’ performance.(SSA correct) as compared to the control group (457

correct) but for high ability learners the advance organizer group performed

more poorly than the control group (SSZ.versus GZA correct, respectively) v

Apparently, high abilxty ledrners already possessed their own useful 'models"‘

&

Jor thinking about how a computer works, but low ability students are more

Iikely to lack useful prerequis1te knowledge.

2.10  Text Organization

F

The pattern of results described above also;tended to be strongest when

materfal was poorly organized (MAYE78). For example, the Basie-like manual was

A

presented either ‘in its 6riginal order or in a random order. In the random

L3




'~séries of sfudies, their generality is’ limited by the fact that just one type

. of -language was used.” Thus, a follow-up study (MAYE80a) was conducted using

‘stuly is to determine whether the reévlts‘from previous studies generalize to a

new domain.

an erasable scoreboard; executive control is represented as a list and pointer

arrow; output is represented as a message pad. The entire model was presented

24
how READ statements work." Thus, as with the transfer test, subjects given the
model before learning show evidence of more integrated and conceptual learning

of technical information. ' . <

Insert Tables 5 'and 6 about here | e

. .i

"

2.8 Effects of Models on Transfer and Recall Using a Different Language

‘

Although the above results are copsistent and were obtained in'a'lbng

a file management language based on SEQUEL (GOUL74; REXIS 77). The goal of Ehis

i s
S
B

i

Method. Subjects read a manual tﬁat presented the file managemént lan-

%_ For one group of subjects, thegmodel group, the manual began with.

discussion of a concrete model and related each statement to the model (see

guage

Figure 3); but no model was given to tﬁe control grouﬁ. The manugls were
iﬂfg;@ationally equivalent. Each pagefof the Booklét presented one of the
eight é;;tqments shownﬂin Table 7, alqhg with examples of how the statement fit
inéo apfrbgram. Figure 3 presents thé concrete model that was used:ﬁlqng-term

memory is represented as a file cabimet; the sorting function is repreéented as

an in-basket, out-basket, and save bagket; temporary memory is represented as

on a 2 x 3 foot diagrdm, in order to enhance the learnmer's ability to visualize

the system. ~

. After reading the manual, all subjects took the same 20 item test.
} .

Problems varigg in complexity from generating or interpreting a sort-1 program

. 206




—

s , J , 26
iqrdérﬁ presentation order of parégraphs was iandomized.' For the randomized
version of the manual, the advance organizer‘group performed heéter on a
transfer test. than a coﬁtrol group (41% correct versus 31% COrrect,'respec-
tively); but for.the_logicaI,Jersion of'thg manual advance organizer gro;p
}erformed but did not outperform the control group (36% versus 44% corggct,
reséectively). Apparently, the model is more useful when material is boorly

structured because it helps the reader to hold the information together.

2.11 Conclusion

These results provide clear and consistent evidence that a concrete model
can héve'a strong effect on the encodfhg and use of new technical iﬁformation by
-nbvices. These results provide empirical suppért to the claims fhat allowing.:
novices to “"sea the yorks“ allows them to encoge information in a more‘cohereﬁt
and useful way (DUBO7§3 DUﬁO78). When appropriat; moééls,a:e USéﬂ, the learner
s;ems to be -abla to assimilate each new staggment(to his ,or her image of the
computer systeh.{ Thus, one straightforward implication is: If your goal iéJid-
produce. learners who yiil not need to use the language creatively, theﬁ no model
is needed. If your goal is to produce learners.who will be able'tq come up with
creative solutions to qovel (for them) problems, then a concrete model early in
leagniﬁg is quite dsgful; More research is needed in order to determi;e the
specific effects of con&rete models on what is learned, and to determine the

characteristics of a useful model.

3.0 DOES STUDENT ELABORATION ACTIVITY AID MEANINGFUL LEARNING?

3.1 Statement of the problem

* The previous section provided evidence that concrete models may influence

learning of computer progrémming because they pr6vide a familiar context for

assimil;tlng'the new material. The second major technique for fncreasing
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the meaningfulness of technical information is elaboration--encouraging the

learner to\explain the information in his or her own words and to relate the

a

material to other ideas or concepts. Elaboration techniques may influence

"meaningful learning because théy encoﬁrage_the activation of existing knowledge

that is relevant for comprehending the newly presented material, i.e., elabor~

3

ation may affect@fhe activation prbcess (see Figure 1).

3.2 Putting It in Your Qwn Words

Tﬁere is some evidence that asking subjects to put ideas into their own
words-during learning tan enhance the breadth of learning. .- For example, Gagne
& Smith (GAGN62) agked subjects to give a verbal rationalization for each step
as they learnedﬁiﬁ solve a three disc version of the Towef of Hanoi problem
(EWER32); These subjécts tdok longer to learn than théSe who did not verbalize;
however, they were ablé to transfer what they h;d léarhed to differént problemé,
such as a six disc version, much more efficiently (e.g.; 3.8 'minutes to solu-
tion) than the pon—verbalizérsi(e.g., 10.0 minutes to solﬁtion).‘

More recentiy, Wittréck (WITT74), has proposed the~ide# ;ﬁat "learning is
a generative process"--A.e., learning occurs wﬁén the learner actively generates
:asSOciations‘between what is pfesente; and what he already has ingmémory. As
an”éxam§IE, Wittroék((WITT74)‘presented a study in which elemenfary school
children read a passage and either generated a one—sehtence summary for each
paraéraph or ?id not. 'Recall by thé sfudents who generated summary sentences
was nearly double that of the controlrgroup. Apparently,.when students are
activélyfencburaged to put informatipn in their own words, they are éble to
connect the new information to existing knowleége.
| Elaboration techniques have long been used by expérimental ﬁsychologists
to enhance the learning of paired associates (such as'HOUSE-CASA)..‘For example,
when students are asked to actively form mental images or a senteﬁce involving

o | 30
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word pairs, pailred associate récall is greatly enhances (BOWE72, PAIV69). More:
Yecently, elaboration‘techniquesfhave been used inlschool curricula (DANS78,
AﬁEIN78). For example;Ain studying human physioloéy, students are asked "How do
larteries differ from veinsg?". Several_researchers have argued that gptudents

- should be given ekplicit training in “learning strategies" for actively pro-

cessing new material (ONEI178).

The following is a series of studies that explore the role of elaboration

techniques in learning computer programming.‘ The main theme of this research 2
is to determine-how "putting 1t in your own words" infllhences the learning of a
. . - 'R

' new computer language. ’ ) .

»

3.3 Effects of Model Elaboration on Transfer Performance
) : ‘

The figgt set of studies (MAYE80a) address the question of whether elab-

oration actiwity influences students'\ability to engage in problem solving. 1In

[

these ~studies, subjects learned a’'new computer programming language and either

A

were or were not encouraged to describe what they learned in their own words by

relating it to a concrete familiar’ situation. °
\ . .- B

. Method. Subjects read anlinstructionallmanual covering an information
'management language similar to that described in the previous section (see
Tables 7 and 8). For subjects in the’ model elaboration group, there was an
elaboration page after each page in the manual while for,subjects in the con-

trol group there was no elaboration exercise. The elaboration exercises asked

the subject to describe the newly learned statement in terms of operations 3 '

within a concrete model of the computer. Table 19 provides a typical exercise. *

Then, all subjects took the .same 20 item problem solviné test as described in

the previous section. : T L4 ;//.

Insert Table 10 and ‘11 about here
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‘,Rcsults, Table 11 shows the propbrtion;borrect response by type of problem

for ithe two groups.z As can be seen, the control:group performs well on simple

retcntion—like problems; but the model elahoration-group performs considerably

better on problems requiring creative transfer. = Thus,.there ‘is evidence that

l.‘
requiring the 1earners to put technical information in their own words though

»

T relating the material to a familiar situation, results in broader learning

. outcomes, The results are similar to those given in Table 9, and suggest thac

4

model advance organizers and model elaboration}have similar effectst

3.4 Effects of Comparative Elaboration on Transfer Pgrfor‘ence

P
In the previous study, a concrete situation is presented and the learn°r is

asked to relate the new information to it. However, the results are ambiguous

in the sense that they may be attributed either to elaboration activity per se .

or to the fact, that additionsl information (about the concrete model) was pre-
sented to the model elaboration group. The purpose of the present studies were
“to use a kind of elaboration.activity that'does.not add new;information (ﬁAYESOa)r
Thus, a set of studies'werepponducted in which:some subjects were asked to -
compare'newly léarned_statements in their own words. |

.

Method. Subjects read the same manual about an information management

4

' language as in the previols study. However, some subjects were given an elab-

oration page after each page in the booklet (comparative elaboration group),

\\.
while for other subject‘“‘herE‘was ‘no-elaboration (control group) The elab-

oration activity asked subjects to tell how two statements were similar and

z.r

different, in their own words. Table 12 provides a typical exercise. Then, all

subjects took the same test as in the previous study." ' .

' ‘Results. Table 13 shows the proportion of ‘correct answers by type of

" problem for the twojgroups. As can be seen, the control group excels on

o




retention—like problems but the comparative elaboration groups excels on the

more complex transfer problems. Thusg.there is evidence corresponding to that
. found in the model elaboration studies, that asking»learners to put#technical
information in their own words (through making comparisons) results in broader

learning which supports transfer.

Insert Tables 12 and 13 about here

o I'd

3.5 Effects of Model -and Comparative Elaboration on Recall N . | "

The previous studies suggest that elaboration activity can: influence .
transfer performance. As a further test (MAYEBOa) subjects wére given manuals i
‘with either no elaboration questions, model elabo"ation questions, or compara-
tive elaboration questions. It can be predicted that the elaboration subjects
should recall more. information that supports transfer-—such as conceptual in-
formation-—while the control group should reécall more information about‘spgcific

. R o ¢
statements-—such as technical information. .
N ]

ﬁethod. As in the previous study; subjects read a manual explaining the

information managcment language that contained either no questions (control

_ group), model questions (model elaboration group), or comparative questions
(comparative elaboration group). Then, subjects were asked to recall portions
of theptext. : ' ‘ ' =$

Results. For purposes of scoring the recall protocols, the{text was -
‘deided intofidea units. Some of the idea units presented information about how
the computer operated (conceptual idea units) and others emphasized the grammar
and technical aspects of each statement (technical idea units). .Table 14 shows

the average number of idea units recalled by type for the three,groups. As can

be seen'the control .group recalls equal amounts of both types of information,




: but the elaboration groups each tend fo emphasize recall of conceptual as com-
; *'pared to technical information. These results are consistent with the results

ofrthe“transfer studies, in that conceptual information is likely to be needed

- to support transfer.

-

C ‘ ‘ flnsert Table 14 about here

3.6 Effects of Note-taking,onhTransfer and Recall Performance s

The foregoing series of studies provides some evidence that elaboration
techniques influence the breadth of learning. however, the'generality of the
result-is limited by the fact that just,one type of manual was used and just two

types of elaboration activity, . In addition, previous studies did not control

for amount of reading time. Thus, an additional series of studies (PEPE78\‘was
conducted using a different language (a BASIC-like language) and a different

elabora.ion activity (note-taking)

= Method. Subjects watched a 20 minute videétape lecture describing seven
e N ‘
3 BASIC-like statements similar to the manual described earlier. Some subjects

f_ vere asked to take notes, by putting the basic information in their own words.

Other subjects simply viewed the lecture without taking notes. As a test,

- -

~ subjects were given problems to solve or asked to recall portions of the lesson.

v 1

Videotape presentations controlled for presentation time in the two,groups.

Results. Table 15 gives the proportion of correct answers on generative
problems (similar to those in the lesson) - and on interpretation problems (which
were not in the lesson) As can be seen, for low ability subjects (based on

i Mhthematics SAI scores), thereeis a pattern in which note-taking helps perfor-

mance on transfer but hurts performance on the retention-like problems. For

high ability subjects, note-taking has no effect, presumably because high ability

'S




»

learners already possess, strategies for actively assimilating the new infor-
matlon. ’ N

Table 16 shows recall:of the lecture by type of idea unit for the two

>
. 3 >

o

groups. As can be seen, the note takers recall ‘more conceptual information, but

there is noidifference between the groups in‘recall of'technical,information.
< P | ?
Thus, the results are consistent with the model elaboratiou and comparatiye

‘ elaboration studies concerning the effects. of asking subjects to put new tech-

nical_information in their words during learning.

3 . .
-
- - . .

Insért Tables 15 and 16 about here

/

3Q7 Conclusionf' ' S ;

The goal of eiaboration is to’help the learner to be able to describe the
key coocepts in his own words, using his existing knowledge.; Unfortunately,
there is no fool-proof'way to deeigh useful elgboration activities. Emphasis on
format or gnammatical details and emphasis on errorless verbatim recall of
statements -will not producé the desired effects. The learner should be able to
.describe the effects of each program statement in his own words.

-

4.0 UNDERSTANDING COMPUTER PROGRAMMING

v

The previous sections have focused on the igsue of how to teach novices.

' This section briefly examines the issue of what to teach. Greeno (GREEZ&)ihas
argued that iostruction for problem solving tasks should be based on cognitive .
: objectives-estatements of what the learner should have in his or her head at’
'the‘end of‘inetruction. Two major objectives that are reievant to enhancing'a

‘novige's understanding of computer programming are: knowledge for understanding

& statement and knowledge for understanding a program. .

" .
. . [
! ,

g




RE L S - ;, P 'S : _
~€ﬁM i.does 4: mean to say that iomeone "understands" a certain statement?

|\ . .
- In.a r’ecént 'analysis of BASIC, each statement is described as a "transaction"

v

?'(MAYE79°¢_~);. " A “transaction" consists of an action, an object, and a 1oc‘ation):ln

Y

For exampie, the statement LET X = 5, consists.of the following

six trahgacc:lons . : . .

) -

-

1. ?'me; tﬂi number :lrndicated on the right of the equa]t;. , n |

|
|
E
|
|
|
|

(ACTION. Find Qggﬁ’pT " Number; LOCATION: Program).

. v
o . 24 F:lnd. tﬁe mﬁnber in the memory space inditated on the left of the .
¥ wg‘ ' - \ 4" “- "
ﬁyals. ('ACTION F:lnd' OBJ ECT: Number; LOCATION: Memory).
» - b

- 3 Erase thg mmber in that memory space. (ACTION: Destroy; OBJECT: )

Nmbens, LOCA;ION: Memqry)

""4 L]
". g

Write the néw number in that memory space. (ACTION: C£eate; OBJECT:

j“\

.‘~.
l~

b

Num'ber, LOCATION. Memofy).

-

) 5. Go on to the next statement. (ACTION: Move; OBJECT: Pointer; LOCATION:’

4

Prdg_r&m) . . - ) . '
6. Do what it says. (ACTION: Allow; OBJECT: Command; LOCATION: Pro-

. . R ‘e
. f .

* gram). ° : ' -

¢ Y\7‘:\\,4-;Zl'l'tusl, there :lja general structure for each transaction; you can expéct sofie: .
. action to be carried out on some object in some location in the com_putex:. - The

. two techn:}ques cited in previous sections can be applied to teaching a trans-

action-type analysis of statements. It may be noted that statements with the

samé name may actually cpnsist Of different actions. For example, a "Counter 7
Set LET" such as above is diffeéxent from an "Arithmetic LET" such ad LET X .
. S, - 5/2. Expliéit naming and describing of different' types of§ statements with the

same keyword may become-a part of computer instruction.




4.2 Understanding a Program . -
' What do experts know about comppter programming that beginners do not

‘.

know? One answer is that experts possess mUch more "information and tha* the

information is‘organized more efficiently. For example, a review. of research ”
on teaching people how to become better problem solvers concludes that good

problem solving requires that the user has domain—specific knowledge: "All

problem solving is based on knowledge" (GREES0) . Similarly, Simon (SIMO8O)
estimates-that a person needs gb 000 chunks of domain-specific information to |

become an expert in some domain. ) ‘ o . .

In a classic study, shbjects were asKedmto'view.briefly presented chess

board configurations and then try to reconstruct them (CHAS73), Chess: masters ‘fi{"'
performed much better than lesg experienced players on reconstructing board xiii
configurations if the board positions came from actual games; however, the
.advantage was lost when random board patterns were presented. This finding ‘
"suggests ‘that experts_in chess do not necessarily have better memories, but . Cy

[N

_rathervthey have a repertoire\of iany meaningful patterns of board positions.

v

They can chutk several pieces together into one meaningful pattern while a less
experienced player must try to remember each plece separately. "In an analogous
' study reported by'Shneiderman (SHNESO), experienced and_inexperienced pro-

Al . L ]

_gramimers were givEn'programs to study. Experienced programmers were able to )

recall many more lines of code than inexperienced programmers when the program
" : . 'S . .

was a meaningful running program; however, when the program consisted of random

lines of code*the two groups performed'at similar levels, Apparently, the

experts were able to chunk lines of code together’ inté chunks while less ex-

(VRN

perienced users were lesg able to fgrm such chunks.
For example, Atwood & Ramsey'(ATW07§) snggest that ekperienced programmers

encode a segment such as,

N .
‘ b )™
37 .




 as "CALCULATE THE SUM OF ARRAY x." An experienced progrannner has a “schema"

. program can be written as a predicate with arguments, and a macrostructure can

. beyond the scope of this paper, their work is promising in that it suggests

" that knowledge can be represented precisely. ‘ .

 learner's understanding as measured by ability £o solve transfér ‘problens.

35

*
) SUM, = 0 |
- * X . s . -~ . .
DOll-lN : . S
SUM = SUM + (1) | ‘:_ o
| : .
1 CONTINUE * R s
: . .. ' : '!. T . P g

A

for this task and is able to generate a variety of lines of code to accomplish

) . "\ 4
it. In order to provide a more precise deScription of the "schemas" that are

L3

1nvolved in understanding programs, Atwood & Ramsey (ATWOSO) used a modified'

version of Kintsch's (KI§T74) propositional analysis. Each statgment_in the

N 4

be constructed. Although a detailed description of Atwood & Ramsey 8 system is

Y ~

One implication of this work is that it might be possible to explicitly

teach the major’“chunks" or "schemas" involved in computer programming using

the techniques cited in previous sections. Explicit naming and teaching of

basic schemas auch as these may become part of computer programming curricula.

[3

This ‘paper is concerned with how to make computers and computer pro- ‘
»

‘ gramning more understandahle for novices. Two instruétional techniques from

educational and’ cognitive psychology are desgribed--using concréte models to

represent the computer system, and encouraging the learner to deseéibe tech-

o

f.nical information in his own words. A review of the effectiveness of these

.

techniquea revealed that, under certain conditions, both may enhance the

Finally, two major objectives of computing instruction were suggested--en-‘

hancing .the novice's ability,to understand statements and to understand programs.

¢ 'S Xl ’ e >
_ . 36 :
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o

e - FOOTNOTES > .
A, Transfer_problems are problems that are &ifferent from those given in

a

the text, but can be-solved usinghinféimation'ip the text. Since

#’ -

the text ‘gave information about how to generéte single statements and

simple programs, these two kinds of problems are not transfer pr?blems.

"~ Since the text did not explicitly, mention 1obping, problems that require

the generation of a 1oop1ngdprogr§m are transfer problems. Similarly,
"" . . -

since the text did not explicitly deal with interpretation of programs,

interpretation problems are transfer probleﬁs in, this study. However,

looping-interpretatioh may require much more transfer than the others,

©

since it is most different from the, text. o ) .

These tables are broken down by prqblém complexity, with more complex

<

problems requiring transfer. The same general pattern is found for

" both generation and interpretatidn problems. Tabie 13 shows data for

4 g

intefpretation problems only, in order to avoid unnecessary complexity.

. LY

) However, this table cannot be directly compared‘with Table 11.
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o
’QRITE
EQUALS
CALCULATE
gor0
IF

STOP

) Table ;

hs

. Seven Stétements Used in BASIC-like Instructional Booklet

Example

Pl

P2
P3
P4
P6

PS5

P9

Al = 88

ﬁEAD (A1)

WRITE (Al)

Al = A1 + 12
GO TO P1
IF (Al = 100) GO TO P9

STOP
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Table 2 - S R

Examples of Six Types of Test Problems for a BASIC-like Language

‘o

Interpretation-Statement

Generation-Statement

Given a number in memory space T A5 =0 .
- : ' ) ' ' * {

AS,"‘write a statement to change

that number to zero.

.0

interpretation—Nonl@p

Genération-Nonloop -
Given a card with a number P1 READ (Al)
-~ on it is input, writ.e a P2 Al = Al * Al
érogfam to print out | its P3 ﬁRITP’f .('Al)
. square. P4 STOP
» . Generation-Looping i Int:erpref:atibn—Logping
.Given a pile of data cards " P1 READ (A1)
i8 input, ’wrclt:e a program to Pé IF(Al = 88) GO 'j:o- P5

print out each number and stop P3 WRITE (Al)
when it gets to card with 88 " P4 GO TO P1 .
L . on it. P5 STOP
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Table 3 |

Proportion of Correct Answers on Transfer Test by Type of Problem for Model® and Control Groups

| . . . Generation : Interpretation '
Statement Nonloop Looping . Statement Nonloop Looping
' X ' ' ) . T
Model Group . .63 .37 .30 . ‘ .62 ' .62 .0?

Control Group .67 .52 12 ) A2 T W32 12

¥
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’ . Table 4 ‘ )
Proportion of Correct Answers on Transfer Test by Type of Problem for Before and After Groups
’ . Generation '_' ' ' Interpretation
" .Statement ¥Nonloop~ Looping Lo - *  Statement Nonloop Looping
Before . «57 7. .50 20 - L 47 .63 517
After > .77 .63 .13 T Y B .40 .17
- . : . C.G 3 . ‘:
N - A . \
Note. 20 subjects per group; interaction between group and problem type, p < .05. S
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o : Tige
o . Tecﬁhlcal
Format
*  Format

o

COncéituai
Tecﬁnlcal

-, Technical

. . Gonceptual

Lonceptual

COnceptual‘ )

Conceptual
3

" Conceptual
Conceptuai’

_Conceptual

Tpbles

Example of Conceptual, Format,” and Technical 1dea Units -

»

. Cow S
;l?ea Qnit :
READ .is one kind of statement. ‘ ]
fhe format s READ ( ). - .
X “An address name goes in ‘the parenthesis. ’ e
Ah address ;ame is a_sp&ce in th; cémpute#‘é memorf;
. There .are S.Eemory s;aces. | :. )
: Thebgpaces are called Al, AZ ,.i.e . .
| An exa@plg‘;;, READ.JAZ). s "
; First, the‘computer checﬁ% the humber from the top data';
. Th;n, that number 1s Stored in space AZ. N -

The previous number ih A2 is destroyed;

Then the data card is sent out of the computer.

’ '

This rg@dceswthé pile of daga card by 1.

"

Then, go on to the next statements.

E .

ard.;




., . " Table 6

' ! Yo ’ \ ) ‘:
gﬁverage Number of Recalled Idea Units for the Before and After Groups )

1

Idea Units ' e ' Intrusioms
Technic&l Fo}mat Conceptual - . Inappropriate Appropriate Model
g .. ’ \ ' K . ".‘ -’ ‘. ' .
(14) (12) (35) . .
Before- 5.0 1.9 6.6 - . 1.5 1.3 3.1
Aftei’ 6.0 2.9 ' 49 Cooas . g ] 5

LN e d

s .
-

Note, . 30'subjeéts per group; interaction between group and problem type, p < .05.

’

Numbers in parentheses indicate total possible.

P
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AND FOR -

OR FOR
LIST
COUNT
TOTAL

. LET

~

Table 7

-
5

Eight Statements Used in File Manageﬁ%nt Language Booklet
. &_ ,
Example

/;ROM AUTOMOB1LE

FOR WEIGHT IS CALLED 3000 OR. MORE

AND FOR COLOR IS CALLED GREEN
OR FOR MAKE IS CALLED FORD
LIST NAME

COUNT |

“TOTAL CURRENT VALUE

LET TOTAL + COUNT BE CALLED AVERAGE

GRS AN e oy ot 6 e et 70 WP
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Table g |
Examplgs of Test Problems for a File Management Language
Sort 1 >
List the owners' names for all " FROM AUTOMOBILE
. FOR WE41GHT 1S CALLED 3000 OR MORE
cars weighing 3000 pounds or more. » LIST NAME , .
Sort 2
List the owners' names for all late . ' FROM AUTOMOBILE
. - . . FOR YEAR IS CALLED 1976 OR MORE
model green Fords. . ' - AND FOR COLOR 1S CALLED GREEN
’ . AND FOR MAKE 1S CALLED FO(D
\ LIST NAME '
Courft '
How many cars are registered in  FROM AUTOMOBILE
, ’ FOR HOME COUNTY IS CALLED- SANTA BARBARA
Santa Barbara County? COUNT
. ) _ LIST COUNT
Compute 1 ,
What is the average current value FROM AUTOMOBILE
. ‘ COUNT .
of all cards? : TOTAL CURRENT VALUE
) ’ LET TOTAL < COUNT BE CALLED AVERAGE
§ ; . LIST AVERAGE - -
Compute 2
What percentage of 1977 cars are FROM AUTOMOBILE .
‘ FOR YEAR IS CALLED 1977 . >
Chevrolets? v COUNT »
‘ LET THIS BE CALLED COUNT 1 SR
’ o AND FOR MAKE 1S CALLED CHEVROLET
! ’ - ’ : COUNT

. ' ' LET THIS BE CALLED COUNT 2
- : LET COUNT 2 + COUNT 1 BE CALLED AVERAGE °

LIST AVERAGE
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- Table 9 )
. . : : L. . v .
Proportion of Correct Answers on Transfer Test for Model and Control Groups—-

. I R File Management Language

/’

Type of Test Problem e

e

[

. _Sort-1l Sort-2 Count Computer-l Compute-2

—— - - T

Model Group .66 .66 .63 . .58 45

Control Group Je3 44 .43 .33 .22

t

NQté- Zoléuﬁjects per groupﬁ group x problem type interaction, p < .07.

q4- ’ . i s




Table 10

~ . <
Example) of the Model Elaboration Exercise in the Programming Text

/
/

Model-Elabogatign ; | //
Consider the1following situation.',An office clerk has an infbaske§,>a save
basket,;: discard basket, and a sorting area on the desk. fhe in-bésket is
full ofkrecordé,v Each onevcén>be examined individually in the'sorting area
of the desk and then placed %p either the same or discard basket. Describe
the FOR statem;nt in terms of what opertations the clerk would perform using

d

the ih-bhsket; discard basket, save basket, and sorting area.

- .

£
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. Table 11
Proportion of Correct Ansyers on Transfer Test by Type of‘ngblem for

§ ; ;_; : Model Elaboration and Control Groups

- . ' _ Type of Test Problem 4 "

Sort-1" Sort-2 Count Compute~l Computer-2

Model Elaboration Group .65 .58 .64 .64 .45
Control Group . : .66 .64 41 .38 27 |
. : yote. 20 subjects per group; group x problem type interactionm, p < .05..
Q' ' o _ 1
- t . 1
—
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Table 12

Example of the Comparative Elaboration Exercise in the Prbgramming Text

Comparative Elaboration

How is the.FOR command like the FROM command?

How is the FOR command different than the FROM command?

-~

~<
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.
~

Table 13
E .‘Proporiigq Correct‘on-Tqansfer Test for Comparétive Elaboration and Control Groﬁps‘
E ‘ ) ] v ” ' Type of Problem
E | - | Sort-1 Sort-2 Couht Compute-l'\cdmpufe-z
f C&mpafative Elaboration : .90 ;90 ©1.00 - .75 .55
| * Control . 90 .90 .65 65 .25
} . . . oo

Note. "Data is for interpretation problems only. 13 subjects per group.

group x problem type interaction, p < .05.

\‘:

L4 C W




Table 14

L] t

Average Number of Recalled Idea Units for Model Elaboration,

Comparative Elaboration and Control Groups

&

Type of ldea Units

Technical ¢ Conceptual
“ o a9 "(52) ‘
Model Elaboration 5.3 § 13.9 ’
) Comparative Elaboration . 9.4 g ©14.1 -
N " Control = | 7.5 7.5

Note. 20 subjects per group; group‘x type infefagtion, p < .05,
+for low ability subjects. Numbers in parenthesis indicatle

7 1
total possible,

‘9
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Table 15
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-

Proportion of Correct Answers on Transfer Test for Notes and No-Notes Groups

Low Ability Subjects .
Notes Group

No-Notes Group

High Ability Subjects

- Notes Group

o

No~Notes Group

Note. 15 subjects per group; effect of ability, p < .01;

.39

A

2

*

“Prokhlem Type
X -
Generative Interpretive -

.56

.33

.62

«60

interaction between group ability, and problem type, p < .025.

-
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" Table 16 - ‘ e

«

{

. Average Number of'Recalled_Idea Units for Notes and No-Notes Groups

&

Type of Idea Units

ﬁé;hnical» Conceptual Intrusions

(28) (36)
Notes Group 10.4 - 7.2 .39 o
NoJNotéS‘Groﬁp ' ‘ ‘ 9.4 4.7, 2_4 ’

4 Y
1/:/’“

20 subjeCtsapé} group; interaction between group and tfpe»of

+

Note.,

recaii,lp < .025. Numbers in parentheses indicate. total

-

possible.

4l
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4 1 4 .
1 \ : '

f
AR . . ___,] sHORT TERM SR
= ~ Stimulus _———%ﬁf ‘ ———> Response
S | |- MEMORY . . '
E . ) -
- | . . | LonG TERM
T ~ MEMORY |
N - ) ) = ‘ -

Flgure 1. Some information processing components’ of mea ingful
learning. Condition a Is transfer of new information from outsidde
to short term memory. Condition b is. availability of assimilative.
.context in long term memory. Condition ¢ is activation and transfer
" of 0ld knowledge ‘from long term memory to .short term memory . :

. . . . . . - . ) , . ~
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Figure 2, A concrete model of the computer .for a BASIC-like
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" Figure.2a. Description for Model
.+ - The figure above represents a simple computer system which you will learn about
L in this experiment, ' The.computer is made-up of three main parts: (1) INPUT &
OUTPUT WINDOWS which allow communication between the computer's memory and the . -
outside world, (2) MEMORY SCOREBOARD which stores information in the computer,
. and (3) PROGRAM LIST & POINTER ARROW which tell the computer what to do and ‘.
. what order to go-in. Each of these three parts will now be explained. "’ )

. ]

B INPUT & OUTPUT WINDOW . , ) " .
Notice that to the far left is an input window divided into two parts. A pile
of computer cards with numbets punched inté them can be put in the left part of
the window; as the computer. finishes processing each card it puts tiie card‘on “
the right side of the input window. Thus when the computer needs to find the
next data card, it takes the top card on the left side of the input wihdow;

N _when it is done- with the card, it puts it on the right side. ’

On.the'fir right is the oqtpuﬁ window. This is whére printed medsages (in this
case, only numbers can be' printed) from the computerﬁs memory to tﬁe_outside.
world appear. Each line on the printout is a new message (i.e., a new nux?er).
Thus the computer can store in memory- a number that is on a card entered through
the input.window or it can.print out what it has in memory onto a printout at
the output window. The statements which-put the input and output windows to
) work are READ and WRITE statements, and each will bé explained later on.
TR MEMORY SCOREBOARD .
' Inside the computer is a large scoreboard called MEMORY. Notice that it is

div;ded into eight- spaces with room for one score (one nurber) in each space.

e : v

K\ -
B

bo




N E}gureiZa kcontinued)

Also notice that each space is labeled with 3 name ~— Al, A2, A3, A4, A5, A6,’
A7, AB. Thesé labels ox names for each space are called "addresses" and each
. .of the eight addresses always has some number indicated in its space. For
- - example, right now in our figure, Al shows a score of 81, A2 has the number 17,
“etc. \ ' -
s wen ) \ L
- «It 1s possible to chanéé thé score in any of the eight spaces; for example, the -
score in box AL can be changed to 0, and you will learn how to change scores in
memory later on when we discuss EQUALS statements and CALCULATION statements.

'PROGRAM LIST & POINTER ARROV. o

Ingide the éoﬁbuter to‘the-}ight of the MEMORY ié a place to put a list of
things to do called PROGRAM LIST and an arrow which indicates what step in the
. list the computer should work on. : ’

-+ Notice that each line in the PROGRAM LIST has a number so that the first line
is called P1, the second step is P2 and so on. When a program is inserted in
the step indicator arrow will point to the first line (P1); when the first step
is finished the arrow will.go to the next step on the list (P2), and so on down
the list. .You will learn how to control the order of steps later on when the

IF statement, GO TO statement and STOP statement are discussed. \*\\>
. v i N “
\

©




 FILE CABINET

B T2 )
0

' SORTING BASKETS
- $Q‘ o
. O
FILE X & &QC’YS' ‘;x‘* W
o SIS
FILE Q T
2
MEMORY SCOREBOARD OUTPUT PAD
- {count TOTAL - AVERAGE 9000000000000
' " 55 212
COUNTI TOTALI 'AVERAGE| _
|12 ' )
COUNT2 TOTALZ2 AVERAGE?2
, | T4 | - |
COUNT3 -1 TOTALS3 1T AVERAGES3 h
\ . 33 33 |
COUNT4 TOTALS AVERAGEA4 - ‘
o |50 ~— J
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. Figure 3a. Description for Model

all the records froh all other filés must be put back in their propex {rawers.

P

-~

)

The computer is capable of tliree main functions? sorting record cards

intg sorting baskets, remembering numbers on its memory scoreborad, and out-

puting information to, the world through its message pad.

.To understand the softing function of the computer you could think of _an

/

arrow, and file cabinet with many drawers. Each drawer of the .file cabinet

—_

_office worker sitting at a desk with three sorting baskets, a line pointer ,

- N ’/
—

contains’' a different set(of records; the name of the file is indicated on each

t

drawer., If the worker nés s all the records in a particular file all the
worker needs to do is“op, n that drawer and take out .all the records. To avoid

T

mix-ups the clerk can.take.out all the .records ofiénly one file‘at a’time; if
7 }
the clerk needs to bring records from a Certain file drawer to his desk, first

n~

A
)

Thus, a erker may have a11 the records for only one file on his desk at a

. time. These could be placed in the "in basket" which is on the &eft side of

. 'h *
the clerk'p desk--it thus contains all of the to-be—processed record cards,

waiting for the office clerk to look at them® In qpe middle of the desk is a

A ] 7 »

-

work area with a line pointer arrow; the alerk may place only one card 1n the

work area at a time, and the pointer arrow points qufhsq‘one Iine at a time. ‘

T6 the right are two more baskets—-the "save‘basket" and the Mdiscard basket."
¢ : N

If a record card’ passes ‘the clerk's inspectlon it is placed on top of the pile

P -

of cards in the "save basket"; but if it fails it is placed }n the top of the

pile of cards in the "discard basket." The procedure the office worker dses 1s

N )

to take the top card from the "in basket", place it in}Ehe wopk area w1th a

.t )

pointeg arrow aimedfat ‘one line, and based on inspection of th1s line to move

"

A ]

.

that card to either the "save or "discard bakket."" Thé worker contlnues until'
. I : .
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all of- the the-records in the, "in basket" have_been processes So thatxthe "in
basket" is empty and the "save" and "discard baskets" contain a11~the records§
then, sometimes the worker might be asked to take the pi1e in either the "save"
or the "discard basket" and put them in the "in basket" for further processing.

To understand the memory function of the computer, think of a memory

~

scoreboard. The scoreboard consists of 15 réctangular spaces like a classroom

L4 ~

" blackboard divided into 15 spaces. Each space has a lable such as COUNT2, and
each space has oné number (of.any length) in it. The office worker may count

ail the records that have been stored in the SAVE Basket, and' this number‘cduld' \

B4 . ” «

-be stored in one of the spaces on the scoreboard. When a new number is stéred -
in a space on the scoreboard, the old number is erased. Howeyer; when the

office worker copies a number: from one of the memory spaces onto.the output pad

the number is not erased.

s « . ¢

To understand thé output function Qf the ¢omputer think of a telephone

. message pad. To communicate with the outside world the computer can write one

3

piece of information on each ‘line of the pad. - 1t is'fills all the lines on one
page, it will just ‘turn to the next page .and begin with’the top line. The
office worker may write down two kinds of information on the output pad: a

.number may be copied from one of the spaces on the scoreboard onto the pad (but

. this does not alter,the numberpon the scoreboard), or information that is on

’

- ' each card in the Save Basket can be copied onto ‘the output pad.

*




CHAPTER 3
TASK ANALYSIS, DEVELOPMENT OF EVALUATION INSTRUMENTS,
AND P~ \GNOSIS OF BUGS FOR CALCULATOR LANGUAGE

s

Note - ' . v .
..This article has béen published as the following citation:

)

Mayer,’R; E., & Bayman, P. Analysis of stndent's intuitions about the

e ~

.o n I'd “ o
operation of electronic calculators. Technical Report No. 80-~4,

Santa Barbara: University of . California, 1980.

This article has been submitted for publication as the following citation . f

Mayer, R. E., & Bayman, P. Users misconceptions concerning the . o

. operation of %lectronic calculators. Cognition & Instruction, under ~ - -
. ' ‘ - »

.review,

. :
—) . t .

This research was ailso presented at a professional meeting as thé following:

Mayer, R. E., & Baynan, P. KAnalysis of students’ intuitions about the

operation of electronic calculators. American Educational Research

Association, Los Angeles, April 13-17, 1981.
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P4 . ;e r _ Abstract

j{*w-Thirty-three novice and 33 expert users predict vhat number will be in the

Tﬁr T diQplay‘df~a calculator after a sequence of key presses (suchias 2 +3 ;). The

- -
# o -

. performance of each*subject on 88 problems is formally described as a 13 line
prdduction system, ~ Conditions are key presses (such as + after a number);

. actions are changes in the display or internal registers (such as display the
" evaluation of the ex1 sston in the register). Large individual differences

are observed; Differenees among subjects include when an expression is eval-
'uated and displayed (e.ges after a + key, x key, = key, and/or number key),
whether or not ﬂhe display is incremented when two operation keys are pressed in
sequence (e.g., 2 + +or 2 x x), whether or not the display is incremented wheac;,
an equals- is pressed after an operatidh (eeg.> 2 + =), what the order of
arithmetic will be in a chain (e.gey 2 +3x 7). Experts are more consistent

in their performance and tend to be more likely fhan novices to base answers on

standard operating systems. Implications for developing a theory ofucomputer

literacy are discussed.

DS
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-

Users' Misconceptions Concerning the Operation of Electronic Calculators

‘ » g r
Within the past decade electronic galculators have become a part of our

'society, including widespread and rapid acceptance in schools (Mulljsh, 1976). 2 .

~Based on a survey of ariicles and editorials published within the past few

. years 1in Arithmetic Teacher and Mathematics Teacher, as well as a policy state<

ment by the National Council of Teachers of Mathematics (1976), it is clear
that calCulators will play an important role in the educationdof our children. B
For example, "the foliowing statements by mathematics educators are typical;
"All students will prdfit‘from having access to a calculator" (Gawronski &
Coblentz, 1976). "I propose that we make fullest possible use of calculators

in all grades of our school" (Hopkins, 1976) "Not since the printing press

has any invention had such potential for revoluntionizing education, particu-
larly mathematics education”" (Rudnick & Krulik, 1976)

However,yin spite of thése optimistic predictions and endorsements, the

" regearch community ha been slow in providing information that might be useful &

culator—curriculum revolution. For example, most experi-
s

in this impending £
mental studies to date have compared changes in achievement and/or attitude
scores for‘students who use calculators in school versus students who were -0t
‘paiiowed to use calculators.(Caslin, 1975; Roberts & Fabrey, 1978; Roberts &
"Glynn, 1979; échnur;& Lang, 1976; Suydam, Note 1). In a recent review of 34‘
- studies, most of mhich were not pubL;shed in journafs, Roberts (198@)“observed
that there was clear evidence that calculators improve“computational efficiency
“but no consemnsus.concerning effects on higher level conceptualiachievement or(/
attitudes towards mathematics. Thus, he concludes that "the research literature

offers no guidance" concerning how to incorporat: calculators into school
- 8 . ‘

curricula.

[
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- a

E . Thg preseni paper does hot‘attempt'to address the.queétion of whethe£)ha1-
i culators influence changes in matheﬁatics achievement and attitude scores. .
. . ~ ,
[ Rathe:, this paper is’based on the 13ea that since calculators will become a
part of ever;day l%fe for students,‘it is' important to know how people come to
underStan? and interact with calculators. The céiculator ;epreéents a student's
- first iptfoduction to a computer, .to a comphtef language, and to computer lit- .
'9;écy in ééner&%l Pressing a key is analogous to é computer command. In spite
. .. éf tremendous Breakthroughs_ih development of imp;bved calculator hardware for
the mass‘markét, thre has been comparatively little work on what Shneiderman
~(19§0) calls "software psjchology": That is to say, we know very little about
. h;; people understand calculators, what tipes of instruction will Pelp pgople ]
become creativexuéers of calculators, why some people seem to not use them very
well, or how to design operating systems ;hat m;ke psychological sense.‘J‘
Since.calculatof useage seems SO §imp1e and sinceieven children can teach
themselves to use'a calcﬁlaéor in‘a shprt'time, some educatorg have suggestéd
that exbliéit instruction or conéerﬁ.abﬁut users' understanding of calculators
is not needed’(Bell; 1976). This might be correct if one's goal is simply to
have students use the calcﬁlator as a "black box" ﬁhat gives answers for mundane
° computation. However, wﬁen the goai‘is‘to proﬁote productive problem’solvers,

.

("’7 there is reason to believe that the studént;s understanding of how the calcu-~
lator operates is important. For example, Scandura, Lowerre, Vénheski & Scanduta ;é
£1976) foun& that ‘'some students Qho are left to teach theﬁselves~devqlop bizzare

:intﬁitioqs; for eigmple, some subjects concluded thai the ;lus (+) and equals
(=) key dia nothing since they caused no visible change in the display.. On the
other hand, Meyer (1980) found th;t by }etting fourth-graders explqre;the

functions of the operation keys some of them discovered that pushing the same

L2

- 7";/' "‘
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operation key more than once would cause the calculators to repeat the process
with the number last entered. Leaving the understanding of the basic functions

of the calculator to chance might create as many students with incorrect in-

- ) y
tuitions as correct ones. Thus, although two users may be able to use the

o

~ calculator to solve‘basic computational problems, there may be large individual *

differences in the way users understand and interact with calculatorsg.
: kN 1 ]

’ Elucidation of individual differences in students' intuitions aboq} the

operation of calculators (i.ei,gsthdents' conception of what goes on inside the
‘“b;ack°box" when a key ié pfessed)»is the logical first step in building a .
theor&Qbf ébmﬁuter literacy, and‘is the goal 6f thg present study. In par-
ticular, this stﬁdy!addresses two reiated issues, : T

(1) wWhat knowledge do people have about how calculators work? Since most

users are "self-taught" and seem to be able to use their calculators, an im-

portant issue concerns what they have learned. Since some intuitions may lead

1

to‘more‘greativé use of calculators ana to better transfér to computer languages.
" (such as programmable calculators or BASIC) it would be useful to be able to
describe exactly what people's intuitions are. Recent'research on the cognitive
analysis o& computatfsnal skill suggests that two children with the;same ap~
parent performance may be using entirely'different conceptions of computation.

For example, Groen & Parkman‘(l§72) have developed cogritive models of addition,

and Woods, Resnick & Groen (1975) have developed models of subtraction. More

recently, Brown & Burton (1975) have developed a BUGGY program which serves to

diagnose problems in a child's arithmetic procedures by developing a formal

description of the algorithm that the child is using. Successful application of

,

cognitive analysis tools to Ehe problem of describing computational skill en-

~ courages the idea that similar techniques can be used to formalize how students

/

underssand -calculator logic. '

7q -
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(2) What are the differences in intuitions among individuals? For ex~

léﬁple, do "experts" have different intuitions than '"novices?" In recént studies,

Lafkin (1979) and Simon & Simon (1978) have been able to formalize differences

*

between what experts and novices know about solving physics prqblems. Larkin -

(1979) has beed able to represent the differences in terms of differences in the

IS

organization’ and size of productions in a production system. Similar tech-
niques may be applied to representing differences between experts and novices in

the domain of calculator use. ' ‘ ' ' -

- -

'. T STUDIES 1 AND 2

The purpose of study 1 was to determine the knowle&ée that ordinary users

have cbncernihg th? Bperatiop“of hand-held calculators. In particular,’the goal .

. e

was to formally describe each suﬁject's conception of the, calculator's operating
system. The purﬁose of study‘Z was to determine whether the formal descriptions
developed in study 1 would also describe the conceptions of people who were more

knowledgeable about operating systems. For purposes of this paper, subjeétS'in

study 1 are labeled "movices'" and subjects in study 2 are labeled "experts".

Method

Subjects '

The subjects in study 1 were &6 college undergraduates recruited from the

s

subject pools ét the University of Pittsburgh and the UniYgrsity of California,
Santa Barbara.1 All subjects participated in og@er to fulfill a requirement far .
théir introducto;} psychology courses. Subjecté in study 1 had no previous
experience with combuter programming nor withs the conbept of oﬁerating systems.’

) pThirtéen of the 46 subjects in study 1 produced inconsistent performance, so

only data fbr the remaining 33 subjects was used for the analyses. Of these 33»

"subjects there éerg 16 females and 17 males, and 26 of the subjects owned a

. /

(&)




- calculator. The mean age was 18>§ears, the mean GPA'st'B;O, the mean SAT-

a
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- e

Quantigatiye score’ was 547, the mean SAT-Verbal score was 491.
The subjects in study 2 were 35 sollege underg:aduates recruited from a

course in computer prcg}aﬁming atlthe University-of Callfornia,'Santa Barbara.zl

All subjects had taken at least one. previous course 1n computer.programming and

~

vere currently in a course that included study b@poperatlng systems. .0f these

v

35 subjects, one gave inconsistent performance and one failed to,follow direc~
o * o . . ’

tions. The remaining 33 subjects were retained for analysis in this stady.v !
There were 13 females and 20‘males, and ‘32 of the subjects owned a calculator.
The mean age was 21 years, the mean GPA was 2 .9, the mean SAT—Quantitatlve score
was 669, and the mean SA&—Verbal score was 552.

The main difference between subjects in study 1 (novices) and study 2

+

(experts) is that all of the experts had formal instruction in computer pro-

@

gramming and some introductidn to operating systems while none of the novices

did; the experts were older, t(60) = 2.66, P < .01; and the experts had higher

4

SAT-Quantitative scores, t(44) = 4.67, p < .001. Thus, while the main focus
3 . - .

was on comparing "liberal-arts" students who had no formal programming

experience to "engineering" students who had formal training in programming,

S

any compafisons between the subjects in the two studies must be ‘made in light

,of.ofher differences such as age and SAT scores.

Materials : : .

The materials in study 1 and study 2 were essentially Adentical. Matérials
consisted of a quesclonnaige, an instruction sheet, an% two two-page problem
gsets. -

The questiocnaire was an 8% x 11 inch sheet of paper which‘asked the

subject to indicate his or her age, sex, GPA, SAT scores, year in school, major

—

XY
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b f;l school; experience with computer programming, experience with ca1cu1ators?‘*i' ¢

- .

- and previous mathematics courses., In particular, gubjects were asked to in-

dicate whether they owned or regularly used a particular calculator,"and‘if S0, .

, . to give the, name of the model. _In agdition, subjects were asked to check a box

< - -

. T 'correspnhding to ége average number of minutes per week they used a calculator--

L]

Py

A

1ess than 10 10 t 30, 30 to 60 more than 60,

, The instructions for the problems were typed.onto an. 8% x 11 inch sheet of

. éapér. Instructions described a typical éalculator_and the task, . _
Each of the two problem sets ddnsisted.of 44 problems typed&onto tno 8%

x 11 inch sheets of paper with one problem per double—spaced line. 4Each.problem.“

presentcd a series of key strokes and "’ provided a blank space for the subject to

“indicate what number would be in the display.. Each ptroblem contained from one
to seven key strokes and each key stroke was either a single digit (2, 3 or 7),
a_plus ke& (+), a multiply key (x), or an equals key (=). ~ The two problem sets

(Set A and Set B) provided for a,reliability check since each problem‘in Set A

E corresponded to a problem df the same form in Set B, and both sets presented the

’
*

corresponding problems in the ;ame order. However, the specific digits used in
corresponding‘problem were different. For example, problems 2+3+7 or 2+3x or
2+=+=+= in set A corresponded  to 7+3+2 or 7+3x oY 7#=+=+=, respectively, in Set

B. ' The complete list of Set A problems is ‘given in the left side of Table 1..

’ + ' Procedure o " . : .

i Thg’procedures were essentially identicai in study 1 and study 2 except

that subjects were run individually in study 1 and Were run as. a group in : 3
R study 2. , | ) . ’ h
A“" First, each.subject filled‘out Ehe questionnaire. Then the instructions
) were presentéd;‘ éubjects were asked'tovsuppose that they‘had just been given a
‘ ’ neﬁistandard four-function calculator that worked efficiently, and to suppose
BN . . . -

EMC > . ‘A m». '. .. 8.1.' , - " ,“f-
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that they would be usiné this calchlator throughout the session. They were told

that for “each problem, the1r job was to predict what number would be in the

.?
a

display of the calculator after the series of key presses stsuming the calcu—
lator was cleared at the beginning of the problem). Then, one of the problem

sets was randomly selected and given to the subject, when the subJect finished
the first set, the other set was given. Subjects were asked to put- their

-

answers in the space next to each problem and there was no time limit,

"Results_and Discussion
~ Scoring .
The data for each subject in each study consisted of a number (i.e., the

subject's answer) for each of the 88 problems. ) ‘ . ' ‘ ’

Reliability of Performance

, {
Since two forms of the same 44-problem test were administered to each

subject, it was possible to determine the reliability of each subject’s per-
. formance. For each of the possible answers to the 44 problems in set A,

corresponding answers. were generated for set B. For example, if a subject gave

12 as the answer®for 2+3+7 in set A, the Sorresponding answer for 7+3+2 in

P

" set B would also be 12; if a subject‘gave 7 as the answer for the above prob-
lem in set A, the corresponding answer in set B would be‘2. Similarly; if a
subject ga&e 2 as the answer for 2+=+=+= in set A, the corresponding answer for
J+=+=+= in set B is 753 if a subject gave 16 for the above problen in set A, the

L

corresponding answer for set B is 56. Reliability scoring was conducted by.

!

o

matching each of the 44 problems in set A with its corresponding problem in set
B; if the answers did not correspond, subjects were given a point.
Thirty-three of the 46’subjects in study 1 displayed six or less (i:e.,

less than 14%) non-matching scores between set A and ‘set B. Data for the 13

L 3

5.
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subjects Vho displayed mdre than six nOn-matche; (1i.e., 5ver 147 unreliable
answers) were not.analyzed furthef. fhe mean non-matching score for all 46
subjects in study l_was 5.3 or 127%; the mean non-matchiﬁg score for‘the 33
selected subjects in study 1 was 2.6 or 6%.

In study 2, one of the 35 subjects gave mofe than six non-matching answers
between set A and set B. -Data for this subject as well as for one subject Qho
failed to foilow directions were not included'in subsequentlaﬁalyses. Thé mean .
number of non-matching answers for the 33 selected sufjects in study 2 was .8 or
.

One question that may be raised at this point is whether the experts and
novic;s differ with respect to the reliabiiity of their performances. The
proportion of unreliable novices (13 out of 46) was sigdifigantiy higher than
;he prbportioﬁ of unreliable experts (1 out o§ﬂ35) as determined by a%chi-
square test, x2 = 7.28, df = 1, p F .01l. In addition, for the 33 selected
subjécts in each study, the novices produéed sighificantly‘more unreliable
answers than the experts as determined by a t~test, t(64) = 10.59, p < .001l.

Thus, as might be expected, experts were more consistent in the way they an-

N

A

swered pfoblema than were the novices.
All éubsequent analyses are based on answers to set A for the 33 subjects
!
in eqch group.3

~ Performance of Subjects Compared to Performance of Calculators

In this section we address thée question of which calculator. most closely

fits the anSWerngidbn by the subjects. Of the 33 subjects in study 1, 17 owned

éimﬁle'Texas Instruments (TI) models, three owned Sharp 'models, one owned a
. R 0 4 L'.VQ "

Rockwell model, one owned a Hewlett-Packard HP~21, and eleven either did not

. o .
own a calculator or could not remember what kind they owned.
., ‘
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Since TI, Sharp and Rockwell were the relevant modelsa owned by subjeg¢ts in
study 1,'answers to each of the 44 problems in set A were generated using each
@f the three brands of calculator. Intérestingly, while most of the ca1Cu1ato¥s
gave identical answers for most problemé, there were different answers'produced
. by at least two of the calculgtors on 20 of the 44 péoblems. ’

A difference score was compufed for egcﬁ subject for each of the three
calculator brands. The difference score was base& on tallying the‘nuﬁber of
times that the subject's answer was not ident?cal to the calgulaéor's answer for ‘ .
the 44 .problems in set A. Mean difference scores in study 1 were 8.8 (20%) for -
TI, 20.8 (47%) for Rockwell, and 14.9 (34%) for Sharp. A one-ﬁay analysis

of variance ‘:is conducted on the difference scores with brand of calculator as a

. within subjects factor. The ANOVA revealed that the difference scores listed

above were significantly different from one aﬁother, E.(2,64) = 42.6, p < .001.
Supplementary Newman-Keuls tests indicated that the score for TI was signifi~

cantly .better than for Rockwell, but no other differences were significant

~
(p. < .05).

Of the 33‘subjecté in study 2, 23 own-a Téxas Instruments (TI)'modé%s, two
owned Sharp médels, three owned Casio models, three owned Hewlett-Packard, and
'two either did not own a calculator or could not remember what kind they owned. .
Thus, as with‘novices the most frequently owned calculator was TI, However, 11
of thél33 novices did not own or could not remember wﬁich calculator they -’
éwned, while only 2. of the»33 experts fell into this category. According to a
chi-square test, this difference betweén proportions is significant,
2 = 6.13, df = 1, p < .025. |

The mean difference scores in étuﬁy‘z were 9.0 (20%) for TI, 18.2 (41%)

for Rockwell, and 13.7 (31%) for Sharp. A one-way analysis of variance was




¢ . Calculators

‘e

’ o I 79

‘conducteg;on the difference scores with brand of calculator-as a within subjects

-~ ,factor. The ANOVA revealed that the difference:scores listed above were sig-

\ ’

nificantly different from one another, F (2 64) = 23, 74, p_< .001. Supple--
mentary Newman-Kuels tests revealed that the score for ,TI was significantly

better than for Rockwell or for Sharp, and that the score for Sharp was signifi-

— .

\\tly better than for Rockwell (p < .05).
Thus, both in study 1 and in study 2, there is evidence that TI's operating
system most closely matches the intuitions of subjects<for the 44 problemsvin

the test.\ In compariag experts and novices, there is ‘no evidence of any dif-

-«

ferences in which calculator gives the best fit; t-tests revealed no differences

. - 4

betiveen experts and novices with respect to their scores for TI, t(64) < 1 for

~e

Rockpdll, t(64) = 1.58, or for Sharp, t(64) = 1.27, - . R

Performance of Subjects By Type of Calculator They own

<

The previous section suggested that -subjects in our sample generated per-

formance that more closely matched the performance of a TI calculator than the

’

other calculators we tested. However, since the TI is the.brand of calculator!
N
that most subjects in our sample owned, the above results may.be mainly-due o

jexperlence with TILcalculators.n In order to test this idea, subjectd in study 1
were divided'into two groups: those who. owned a TI calculator (n = 17) and

those who do not (n = 16).

»
k]

The mean difference scores for the TI-owners in study 1 were :'TI = 8. 0, X
Rockwell = %0.0, and SB@rp = 14.&; the mean difference scores for the non-TI
| owners were: TI = 9.8, Rockwell = 21.6, Sharp - 15,8, As can be seen, for both.

TI-owners and non T -owners, the difference scores are least for TI. . An anal-

ysis of variance was tonducted on the difference-score data with group as a T
- , ¢ . -
between sub&écts factor and type of calculator as a within subjects factor..

-’
+
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There was a siénificant’difference between‘the caiculators in how well they

matched the performance of all subjects, 2;62,60) = 51,16, p_s,OOl,ibut there

was no group x calculator interaction, F (4,60) < 1. 'Ihus,'there was no

4

evidence that the non-<TI owners Were different from TI owners with respect to

L4
~ lo

their performance being pest fit by aTI calculator. A separate one~way ANOVA
vas conducted on the data for the non-owners with type‘of calculator-as a - °

within- subjects factor. The differences in.differehce scores were |
‘ kU

significant F (2 30) 37 57, p F 001, subsequent Newman-Kuels tests” showed

that the score for the TI were significantly better than for Sharp or Rockwell

!

among non-TI owners (p <.05).

As an additional analysis, the performance of each subJect was labeled as

TI—like, Rockwell-like or Sharp-like based on which of the three calculators

4+

produced thie lowest difference score for the subject. Of the-33 subJects in
study 1, 29 were classified.as TI-like and 4 yere betteeratched”with other

brands. For the TI-owners, were classified as TI-like and 2 were best fit by
: 9, . : > g

.other brands; for the non~TI owners, -14 were classified as TI-like and 2 were )
R A2 A ' )
best fit by other brands. A Fisher's Exatt test ‘revealed .that there was no

evidence of any d;fferences among the two groups (TI owners versus non—ownens)
A : < ‘
in the proportion of T}- like subJects Lo -

Y

o v

The performance of the experts in study 2, like the novices in study 1,

B

1 . . / * .
most ¢closely matches the performance of the TI, ‘but this may be due tb the fact .

Athat TI is the most prevelant caleulator veed among the. experts. As in study 1,”

~

this idea was tested by dividing the experts into those who owned & TI calcu-

W

lator (n ='22),and those who did not (n = 11). The mean differencé’sdhres for

the, TI-owners were: TI = 7.63 Rockwell = 34.4, Sharp = 13.2; the main

difference scores for the non-TI owners were: TI = 11.8, Rockwell = 17.4, Sharp

. . e
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= 14.6. - An~ana1ysis’of variance was conducted on the difference score.data’

with bwnership group as‘a between subjects factor and type of calculator as a

wixhin subjects factor. As expected, there was a significant difference among

-

the calculators in how well they matched the performance of all subjects, F .

©.-(2,60) = 19,21, 2_<.01; however, as in study'l, there was no interaction

between group and calculator, F (4,60) < 1. Thus, as in study 1, there was no

5
©

+ evidence that non~- TI owners were different from TI owners with respect to

their performance being best fit b§5a TI calculator,

‘As an additional analysis, the pefformance of each subject_in stud}‘2 was

labeled as TI-like, Rockwell-like, or Sharp-like, based on which of the three
; ' . . : "
calculators produced the lowest difference scores’ for each subject. Of the 33

subjects, 26 were classified as TI-like and 7 were better matched by other

Tk

brands. For TI-owners, 18 were classified as Tfilike and 4 were best fit by o

other brands; for the non-TI owners, 8 were classified as TI-~like and 3 were
A3

best -fit by other brands. A Fisher's Exact .test revealed that‘there was no .

L
.

. evidence of any differences among the two groups (TI owners versus non-owners)

in the proportion of TI-like subjects.
| This section helps clarify the earlier finding that subjects performance
:is‘hizt clbsely‘matched by TI's operating system. Since this finding seems to

" pe preésent for both TI-owners and non-owners- it may be attributed to the "in-

tuitiﬁe’appeal" of the TI operating system rather than to users having more

experience with T1 products. However, it should.be pointed out that the corres-
——

pondence between the calculator's answers and the subjects answers are far from

perfect, even when we choose the best fitting calculator.<

Performance of Subjects by Amount of Experience With Calculators -

.

This sectipon explores the issue of whether subjects who differ with respect

>

‘
. . v
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rQ how much: they use a calculator also Qdiffer with respect to intui*ions about

the pperating:systeh unherlying the cglculator. In order to address thié issue,

7 s -
3

subjects in" study 1 were divided into two. groups based on their reported weekly
L P E .

use of calculators: low ekperience-~1es; than 10 minutes per week (n = 17), and

y
LA ‘

moderdte expérienceﬂ—lo or more miputeé—per week (n = 16).
The mean diffefehpe scores for study 1 on each of the three calculatars

brandsvwas TI = 10.2, Rockwell = 22,2, and Sherp = 16.5 for the low experience

Q

'.grduﬁ,#and TI é'}fﬁ, Rockweld = 19.3, and Sharp = 13.3 for the mcderate ex-
perience.group; As.can be eeen, TI, produces. the lowestuscore‘(i.e.;,best fit)

for subjects' ﬁerforméncerin both groups. An analysis of variance was coﬁaucted

- [l

on the difference score data\%ith experienée (low vs. moderate).as a between
SUbjects'faetor.ahd‘%alculator brand asia'within subjects factor. Asﬁin previous
keﬁéiises; ther;;eas a significant qverail difference among the calcdlatorsiin

how closely they f-:ltt"; the int:uif:ioqs of the subjects, F (2,62) = 40.62, p <.001,

and ghere was no~iﬁteraction betweemmgroupland calculator, F (2,62) < 1. Thus,

s *

3

influenced by how much experience a subject had.

M

As in the previous seétion, each subject was classified as geing either TI-~
like, Rockweil-like,lbr Sharp-like based on which calculator produced tihe.least

number of différences with the subject’s actual performance. Fot the low

¢ .

expefiencefgroup in study 1, 15 suﬁjects were best fit: by II;and 2 were best fit

by another cglculator;.fbr the.meherate.experience_gréup 14 were beét‘fit by TI

and 2 were best fit by another calculator. A Fisher's.Exact test showed that

there were no significant differences between low experience and moderate
. . : : ¥

experience groups with respect: to the proportion of fI—like subjects. ’Thus,"

Ethere is no,evidence iﬁ this andlysis that amount.of experience with caleulators 4

influence the'subjectsf.intuitions about Ehe operating systems of calculators. s

& V ~‘ '} ) 8&",
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Corresponding analysees were condugted on the data *

for the éxpertS“in study 2. The mean difference séores for stqdy'Z were:} TI =

|
1
i

9.5, Rockwell = J8.1, and Sharp = 14.4 for,the low experience group, and‘fI =:§ﬁﬂ,‘

Rockwell = 18.3, and Sharp‘= 13.5 for the moderate experience group.'lAn ANOVA

revealed the expected overall effect, F (2,52) = i8.92, P < .001; but there was L

no interaction between experience group and calculator, F (2,62) < 1, and thus ”

no evidence that the superior fit of the TI calculator was influenced by how

much experience a subject had with calculators. For the low experience group

in study 2, 6 of the 8 subjects were best fit by TI while for the moderate

experience group, 21 of the 25 subjects were best fit by TI. A Fishe;'s Exact

tes: showed there was no significant.difference with respect to the proportion

of TI-like subjects amdng low and moderate experienée subjects in_study 2.

Thus, for both experts and novices, there is no evidence that expérience with

cdlculators influences the subjects' intuitions about the operating system of
"

Inter-Subject Consistenéy in Performdnce -

The foregoing analyses indigates’that subjects' performance was closest to
that of a TI EalcuLator, and that this pattern was not influenced by whether
subjects actually owned a TI calculator dor whethér they.had experience with
using a calculator. However, the foregoing analyses also ma&e clear that sub-
jects' performance could not be ;dquately desc;;Egd as coiresponding to one
particular calculator's performance, sinég the best fitting calculator predicted
only about 80% of the answers. Ip this section, we gxplbre the questiﬁn of how.

similar or different the subjects' answers were from subject to subject.i

3
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Table 1 gives a list of the 44 problems in set A as well as the answers

-

given by subjects in study 1 and study 2. Each answer that was given by any

subject 1s listed (in parentheses)‘along with the number of subjects who gave

4

that answer in study 1 and in study 2. As can be seen, for each question there

~1s an answer that occurs most often (i.e., the modal answer) and there may be
\ ) . . N
one or more other answers given by some subjects (i.e., alternative answers).

The percentage of subjepts' answers that ére'mod;} answers, l.e., answers that
correspond to the most common answer for each question is 83% for study 1 and
‘812 for stddf 2, vA"t-test revealedfthat theAexpérts and novices do ﬁo: differ
with respect totthe percentage of éodéi angwers, t(64) < 1, Kdiﬁogofov—
Smirnov's 6ne-Samp1e tests based on the data for both st;dies together
indicated that the following problems pfoduce signifié#nt (p. .< .05) number of-
v non-modal answers: 4, 13, 15, 17, 19, 21, 23, 25, 25, 27, 28, 29/énd 3t
thfﬁugh'dé. Thus, the data in Table 1 entourages the conclusion thaf'there are
substantial individual differences among subjects in their intuitions about
calculators. AIn order to more closely examineﬁand describe these differences,

all subsequent analyses will involve descriptions of single subjects rather

" than group data.

Insert Table 1.about here

»

e
s

" Analysis of Performance of Individual Subjects on Simple Problems

The goal of the analysis in this section is to provide a formal description
of the kpowledge’that each subject has concerning how the calculator solves
simple ;roblems. Thus, for each subjeet, a model was dévgloﬁgd which could

generate the subject's answers on simple test problems. This section describes

S

the data source, the format of the mogdels, how the data for a subject were fit by

" a particular model, ) e . ;
. i . , | . - 9U . o , °

o
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simple problems.
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Date‘Source. This analysis was based on the data for the 33 novices and
the 33 experts who gave consistent answers (i.e., high reliability between the
two‘corresponding question ‘sets). In order to’provide an intensive analysis of
tbe performance of each subject in the sample, this.analysis foched on onl;-the
i‘gple ptoblems.' Simple problems are defined as those which contain symbols for
: LS

number and/or plus and/or equals but which do not contain-any multiplication

symbols. Eighteen of the 44 problems in set A fit this description; these‘are

 problems 1 through 10 and 27 through 34 in Table 1. aThus, for each of the 33

. 1
novices and 33 experts, the data source was a list of 18" answers for the 18

. 2 _“" '(/-/\
Development of Models, The goal of the present analysis was to develop

.siﬁple production system nodels that would genefate the peyformance of eagh
. . q )

subject on the 18 simple‘pronlems. Because of its efficiency and apparent

relevance for the present task, a production system was used to represent the

-

knowledge of each subject. A production system contains a list of productions

.

with each production consisting of a~condition and a corresponding action. -

Conditions,tactions; and productions for, the current problem'are descrifed in

this section. . - B ,

. o ' { .
The relevant conditions ¥or the present analysis are related to having

\ pressed one oftthe keys on the calculator keyboard. The key relevant to the

gimple problems are the ten number keys (O, 1, 2,3, 4; 5, 6, 7, 8, 9), the
addition opefaﬁion key (+). and the equals key (=). Table 2 shows nine con-~
ditions ﬁhat=cou1d<gxist; three are not releVant to the simple problems since
these c0nditions are never found in the problems.. The other six conditiéns
containran exhaustive list of the conditions present in the simple Problems. At

first‘blush, it might seem that Table 2 gives many redundant conditions and that‘

[3
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2 simplier scheme is to deal with only three,baéic conditions--pressing a
number (#), pressing a‘plus (+), or pressing an equals (=). However; the
‘performance and couments ff subjects suggest that a key press means somethiﬁg

different to some people depending on the iﬁmediatelygpreceeding key{press.

L4

Insert Table 2 about here VS
'

~

The actions %or 2ach productibn consist of events that take place inside
the calculator. Following a system deveioped to represent the "internal”
attions in ¢q9p?tgr 1ahéhagés (M;yer, 1979), each of the calculator ac;ions.can
be gépreégnfeg A; a triplet: 'some Jieration is.applied to some objecttat some
location in fh‘ calculator. The.operétions consist of %he féllowingﬁ

kl) Create -—- . A number or expression is placed in the display or

| register, e.g., when you press a number key that number
appears in,the'display;'

(2) Destroy ~- A number or ;xpressioﬁ is erased from the display or,

'v : registér, é.g., when you press the equals key the pre-
vious numberqin the display is erased (and replaced
with a new one).

(3) Evaluation -~ An expression (from the register) is converted into a

single number, e.g., the evaluation of 3 + 2-;8 5.
(Fpr the cufrent example, evaluation of a number or a

-

S S \nqmber followed by an operation is the number, e.g.,

evaluation of 3 ié 3, evaluation of 2 + is 2).

4
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: ; ; Tﬁéhébieéts,coqsiét of:
| (i) Numbérs - A ‘number is any single or multiple digit sequence
° ) | such as 2, 14, 156, etc,

, < (2) Operatioﬁ -~ An operation is a mathematical symbol for some arith-
metic computation such as addition.(+), or multipli;ation
(x).

(3) Expression -- .An expression 1s a sequence coﬁsisting of numbers and

o operations such as, 2 + 3 or 2 + or 2 + 3 x 4,

Thegyéchtioni consist of:

.-

,(1) Display -~ The-external display in.a talculgtor'nq;mally consists o
"of at least eight places, where each place can hold,
one digig:

(2) Register =~ An internal register is inside the Ealculator and

o
-

consists of subregisters for individual numbers ahd
for operations. Expressions are held in the order of
input, with the first number on the left, followed by
3 ) . :

3 . the operation, followed by the next number,

Table 3 shows some typical actions that may occur for the simple problems.
1t should be nbted thét the 12 actioms liéted in the table actually refer to'
groups 6f‘singlelactions. .For example, D = # consists of two single actions:
eraging the old number frém the display and replaciﬁé it with a new number. ‘
Ais;, it should be noted that'fhe.first five wctions refer only to the diSplay;n

and have no effeet on changing the register; tae other actions refer only to

the register and have no effect on changing the display.’

]
’

’ @

°

- Insert Téblé 3. about here
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Since Table 2 gives a list of all relevant conditions and Table 3 gives-a-i

1ist of relevant actions, it is now possible to describe any production. as one N
. ki

' of the conditions coupled with one of the actions. For-exampye, the production, L

Y

PS. If # after + Then D = # and R=R+ ¢

means that when the*number key is pressed after the plus key the result is that
* . A - ' : :
the old number in the display is replaced with the new number, and the old

. s . -

expression in the register is retained but the new number is added to the N

e

right. Thus, if the sequencevhad been 5 + 2 + and now a 3 is pressed, the

dieplay will contain a 3 (before there was a 2) and the register will contain

the expression 5 + 2 + 3 (before there was 5 + 2 +), LN

L S

Fitting a model to each subject. The fofegoing sections-described thatnﬁhe

data source for each subject was- the, 18 answers to the target questions and that
mode1s are based on (alternative) actions associated with each of the six .
. conditions. Thus, for the'data of each subject the‘goal is to“develop a pro-
ductionfsystem which consists of six productions. | o
| The task was made somewhat easier by the fact that there are groups of
subjects who gave(identical answers for the simple probléms. ~Based on their
~answers to the 18 simple problems, subjects could be grouped in~oneiof,six .
distinct categories where subjccvs in eachcof the first five groups produced -
identical answers with one another. Group 1 contained 8 novices and 11 experts,

all of whom 8ave answels that were identiéal to answers produced by inéxpensive

TI modeISs. Group 2 contained 10 novices and 7 experts, all of whom gave answers

LN
n o

that were identical to Group 1 except for situations in which a plus key was
'pressed. Group.3 contained 5 novices and 2 experts, all of whom gave answers

that were identical to Group 1 except for situations in which a number key was

press-d Group~4 contained 2 novices and 4 experts, a11 of whom gave answers

v
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that were similar to those produced by an- inexpensive Rockwell model. Gr0up.5
» ey \ .
- Group-l and Group-4, 'Tinally, there were 7 novices and b experts who gave

v

.ididsyncratic patterns of answers for the simple problems. Some of the subJects

cases, however, the answers were internally congistent within subJects as in-

El

"~ dicated by high correspondence betwegp ansyers in set-A and set B. The answers

‘ . for each of the common categories on eachfof the 18'simpl§"prohlems are given.in
\\. . - ' . . ' ) - T

N _ _Table 4. = - _— ‘ - >

‘Insert Table 4 about here . A

. : Models wereogenerated for each of the common'categories of answers and for

"each' subject in the miscellaneous category.' The produczion systéms for each of -

a

o, - (

8 . - , N
’ . . .

o

0

Insert Tables Sfthrough 9 about here-

"t

. 7

Groups 1, é, and 3'511ibehave similarly but differ with respect to when an

> expression is evaluated and displayed For ekample,lcqpsider the sequence of

. N "

L)

| , | |

{ the five common. categories aré given in Tables 5 through 9, respectively. -
|

&

|

|

t

|

|

|

? key strokes 24 3 + 4 . L

.

k- - . According to model 1, subJects think that the calculator evaluates ex~, ;
'pressions only when a plus key (+) is pressed after a number or when an equals

key (=) ia pressed. Thus, in the above example, the Jumber in the display after
each of the six key strokes will be, 2, 2, 3, 5, 4, 9 The, 3=doés not get added

to the 2 until.a plus (or an equals) key is pressed; and the subtotal 5 does:not

i

- . . , C

LR T get added to 4 until an equals (or plus) key is ptessed.
- oo . ST S

t oo . . ,

v LT o 9-‘;’ 4 . ) _“s\ lh\.. k\
O > 0 . . B .' *

AN

S
. Cpe’ . " ~ o ac

ccntained one novice and 3 experts, all ofswhom showed’a mixture of acting likedf

»* 4n this category were very similar ;;\Eﬁ f the above groups except for one or
) two minor deviations, while others’ seeme:\fo\ha;EFhighly=unique answvers. In all,




sequence. Both groups are like group 1 in that they display the evaluated

\ N - . - , .
. Calculators
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‘ Accordiﬂé to modelaﬁ, sugjects think that the calculator evaluates ex-

pressions only when an equals (=) key is pressed. Thus, in the above example,

the numbers in the'd1splay after each of the six key strokes will be 2, 2, 3, 3,

4, 9.° The entire expression is held in the register unt11 an equals key is

pressed., ;- \

L

According to model 3, subjects think &hat the calculator‘evaluates ex-" "
pressionS'as soon ag a number key (#)-is pressed. Thus; in the above example;
the numbérs in the display after each respective key stroke will be: 2, 2, 5,5,
9, 9. The 3 gets added to the 2 as soon as the 3 is pressed; the. 4 gets added
to the subtotal 5 as soon as the 4 is pressed.

. ) \
In summary model 2 involves delayed evaluation (i.e.,“nothing gets eval-

“uated until an equals is pressed), model 3 invclves immediate evaluation (i.e.,

’ ’

expressions are evaluated as soon as possible), and model l‘involves a com-

L]

- promise between the two extremes (i.e., expressions are evaluated after a plus

€

Qbut not after a number key is pressed) Another way to describe the differences

[

among the first three groups is to say that group 1 treats a plus key like an’

-,

equals, group 3 treats both a number key and a plus key like an equals, group 2

'treats neither like an equals.

The 1ourth and fifth groups differ from the first three groups with respect
v . : ' L '
to how to deal with the plus key. The fourth group behaves as if the calculator '

has an automatic constant--evaluation of an expression for a plus or an equals

involues adding the number in the display to the number in the register. This
mode of evaluation is called "incrementing display" in the tables. The fifth
group gives arr "incrementing display" only‘when two plus keys are pressed in

version of the expression when a plus key or an equals key is pressed but not

-
E -

t

95




feature of svre calculators such as Rockwell,
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_ when a number key is pressed. The "incrementing display" characteristic of

group 4, and to some extent group 5, is a more sophisticated and efficient

¢

[y

‘L

Insert Table 10 about here

~

%

Table 10 gi&es a list of alternative actions-associated with each of the
first.6 productions. As'can be seen, the five common categorieé resulted in
three alternatives for production P2 (P2A, PZQ, P2C), three for éﬁ (P4A, P4B,
PAC), two f;r P5 (PSA, P5B), one for P6 (P6A), two for P7 (P7A, P7B); and three

for PS (P8A, P8B, P8C). 1In the process of developing models for the 14 mis~

cellaneous subjects, several new alternatives were con;t;ﬁcted’as shown in ~
Table 10. Although a detailed énalygis of the performance of each ‘:
miscellanéous subject would require undue space, examples are given in this
section. , For example, oné of the novice; gives the answers 2, 2, 5, 5, 12, 2,
0,5, 5,12, 0,0, 0, 3, 0, 0, 0, 3 for the 18 problems listed in Table 4,
respgcﬁively. This subject seeﬁé to evaluate expre;sions immediately when a
number key is pressed, corrésponding to subjects in group 3. quever, in,
addition, this subject treats any irregular seqﬁénce‘of button presses (such as
+ after +, or + after =) as a reset or clearing éf the display and register.‘/
The productions. which describe this subject's performance are:t P2B, P4B, P5C,
P6D, P7B and PSB.’ As another example, one of the';xperts gives the answers, 2,
2,3,5,7, 2, 4, 5, 10, 12, 2, 4, 8, 3, 4, 8, 16, 7, for the 18 simple
problems, respectively. This performance is similar to model 1 except that the
display is incremeuted for = after +. ;The productions are P2A, P4A, P5A, P6A,
P7Ay. P8C. Models were fit to each of the miscelléneo;s subjeéts by’takiné the
best fitting common model (i.e., models 1 thtough 5) and changing a; few

.productions as necessary in order tec make the fit perfect. )




e Calculators
9
The left side of the Table 10 lists the frequencies of each production-'for
the experfs and nog}ces. There is a ﬁendenqy }or experts to ;ely on productions
which involve incrementing the display, i.e., P5B and P8C. )For example, Ebese

produgtioné are used 6 §3mes by novices and 14 ;imes'by experts. In addition,
there is a tendency for éxﬁerts to rely on productions which evaluate and dis-
play for + and = but not for #, i.e., P2A, PAA,:P7A, while novices tend to favor
immédiate eévaluation andgdisplay for #, i.e., P2B, PAB,‘P7B, For examble, the
formef set of pfbductions is used 76 times by expért§{and 58 times by novices’

but the latter set is used 13 times by experts and 31 times by novices. //)

Analysis of Individual Subjects on Multiplication Problems

The previous section encouraged the idea é@at it is fossiblestovdescribe
the subject's "model qf the caléulétor" forvgeneréting aﬁsWers to 18 simple
problems. These analyses were based on problems containing only six possible
cohditions. In the preéent section, we expand our analysis to includé 16
additional problems which contain multiplicatidn.v These are problems 11 through
26 on Table 1. Ihey provide three new conditio;s: X éfter‘# (i.e., pressing

|
the multiply key after pressing a number key, such as 2 x), # after x (i.e.,

after

pressing a ﬁumber key after pressing~a.mu1£iply key, such as 2 x.3) and
x (1.e., pressing an equal key after pressing a multiply key, such as 2 x =).
Also, up to this.point we have considered énly conditions which include two
events, but this group of questions also allows us to explore whether subjects ,
use motre than two events to determine chains of arithmetic; for example, if a
subject evaluated all multiplicationgvbefore'additiqns, then 2 + 3 x 7 = would
yield an answer of 23 Sut if a subject evalLafed chains in order of presentation

then the answer is 35. Thus, this analysis will allow us to'ada three new

productions.to each subject's model developed in the previous section, and to

modify some productions for evaluating chain arithmetic.

"~

&
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For each subject,‘we assume that the six productions establisﬁed in the
previous analysis still are operating for problems 11 through 26. Thds, the
goal of the present section istimpli to add three new productions (P10, P11,
P12) to the model of each subject. All 16 problems contain the condition x
after #; almost all of the problems contain the condition, = after x; problems
lS, 17, and 23 prOV1de the condition = after x; and several problems involve
_ chain of + and x operations such as problems 24 and 26.
i Table 10 shows the most common poss1ble actions associated with each of the
three new conditions (P10, P11, P12) explored in this section. As with the
analysis of simple problems, one issue concerns when an expression is eValuated.
If an expression is evaluated as soon as a multiplication operation (x) or an
equals (=) key is pressed, analogous to Model 1 in the previous analysis, then
;the productions selected -would be: P10B (no evaluate. for #), P1l1A (evhluate for
x), and P12A (evaluate for equals). If an expression is evaluated only when an
equals key is pressed, analogous to' the delayed evaluation in Model 2, then the
productions selected would be: P10B (no evaluate for #), P11B (no evaluate for
x), PlZA (evaluate for =). If an expression is evaluated as sooh as a number .
key is pressed, analogous to the immediate evaluatioa of Modeli3, then tbe .
productioas selected would be: PlOé (evaluate for #), P11B (no evaluate for 'x),
P12B (no evaluate for =). Finally, if sdbjects used an incrementing display for
evaluating expressions and numbers as in Model 4 or 5 in the previous sectiOn;
then the selected productions would be: P10B (no evaluate for #), Plpr(no
e;aluate for x), and P12C (increment display for =); "For purposes of this

analysis we will refer to each of these four clusters of three productions as

Model lm, Model 2m, Model 3m, and Model 4m, respectively.

2
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-Table 11 shows the answers generéted by each of the ‘foup-multiplication
models (i.e., productions P10, P11, and P12). Thirty of the 33 novices and 23

of the 33 experts generated performance on the multiplication problems that was

z

consistent with one of the four models; however, specific answers to some

~ ‘ ] B
problems could differ from those listed in Table 11 in cdses where different

-

'syétems for evaluating chains of arithmetic or different prodﬁciions for P2

through P8 were in use. The bottom of Table 11 shows the number of novices and

7
-

experts who were fit by each of the four models.

Insert Table 11 about heré

’

Model 2m allows\for)evaluation 6f é chain ofv;rithmetic. Of the novices, 5

subjects performed the arithmetic in order from left to‘right (as indicated in
“\ Table.1ll), one subject.carried out additions before multiplicaéiéns'(e.g., 2 x
L\\,B +7 = ;esulted in an ;n;wer of 20), one subject carried out multiplications

before additions (e.g., 2 + 3 x 7 = resulted in an answer of 23) and one carried
out computatibns only on the last two entries in the register (e.ges 2 x Ix7="
resulted in 21; or 2 x 3 + 7 = resulted in 10). Of the experts, three out of . .
five subjects showing model 2m performed chains from left to right, and two of
the five expérts performed multiplicat%on beforé addition in a chain.A

There were also three miscellaneous novices and 10 miscellaneous experts.

’
0f the novices, two subjects gave model'lm_answers for problems that involved

3

only numbers, multiplication, and/or equals but model 2m answers for problems
L]

with numbers, addition, multiplication, and equals. One novice gave model 4m

answers for ﬁroblems with numbers, multiplication and/or equals but model 3m

answers when problems involved muitiplication, addition, numbers and equals.

Q ‘ ‘ . ' ) a 1UU
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~ Thus, these subjects behaved as if the conditions for actions depende& on more
than just the last two button presses. No additional produdtions were con-
structed-to try to fit this.performance in Table 11. . However, for the 10 unique

) \ .
experts, several Additional productions for P10, Pll and P12 were constructed

S ' 1 .
and are listed in Table 10. For example, one subject reset the display to aero

-

for x after # and to no change for = after x. The productions for that subjett
are P10B, P11C, P12A. Another subject ignored the equal sign when -it followed
the multiplication sign, asrindicated by éroductions PlOB; Pllﬁ, P12B. ~Two.

other subjects reset the display for = after x giving the productiéns P10B,~

P11B, P12C. Thus, many of the experts teﬁd to add new productions for,unﬁsualh

. button sEquences; the effect of most of the new productions is sqme sort of -

-
a °

-
g

"teseting" the display. The frequency of‘use of each alternative production for °

P10, P11, and.P12 for all subjects is summarized in the left side Qf Table 10.

Analysis of Imdividual Subjects on Cbmplex Problems
Finally, the performance of each subject on proﬁlems 35 through 44 was . °

ahalyzéd.‘ These probleﬁs contain man§ of tﬁq conditions already.describéd in
A )

- - . . , : ,
thé\previous two sections; .thus, it was assumed that each subject would use the

twelve productions already determined by analyzing the first 34 problems-in the

-

test.'However,vprobléﬁ§w35~throu§h 44 also contain fgur new conditions: x after
. . F

=, x after x, + after x, and x after +. Thus, in this section four new pro-
ductions (P13, Pl4, P15 and Pl6) are added to the model of each subject. .
Table 10 lists the alternative productions for each of the four new con~

ditions explored in this section. Table 12 g%yes some typical answers by

subjects fof,problems 35 through 44.

L]

" : " " Insert Table 12 about here
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Group 1 in Tablé 12 behave as if they were usiﬁg productions 13A, 14A, 15A,
and 16A along with deléyed evaluation of expressions (ba§ed on earlier pro-
ductions). These subjects treat x after = and x after x as if there is no
change, and if two consecutive operation keys are,pressed'(such as x after +)
théy use only the last operation thaf was pressed. As shown in the bottom of
'iable 12, there were ten ?ovices and 15 éxperts who followed this procedure.
There were also six‘more novices and one more expert in gréup‘l'; these subjects

behave as if they use the identical four new produétions but they show imtediate

evaluation of’ expressions when the number key is pressed. In addition, four

' novices. (and no experts) in group 2 behave like those in group 1 except that

when there are two consecutive operations, the multiply "wins", f.e., for 2x+
the register stores 2x. The productions for this group are P13A, PI4A, P15B,

?
P16A. Similarly, two more novices and one expert in group 2' use the same four

&

new productions as group 2 but act as if an expression’'is evaluated as soon as
a number key.is pressed. In addition, there were 2 novices and 4 experts in h
group 3. These subjects treat the four .new productions as if they serve to

increment fhe display. This proEedure is indicated by the combination of P13A,

A

P14B, PiSC, P16C. These-are the same subjects who increment the display for
similar conditions such as + after + or + after = or = after +,
N .
There wegke also a large number of unique subjects—-~nine novices and 12

-

experts., However, almost all of the subjects aré closely related to either model
. : ) .
1 or model 3, with just one production slightly different. For example, one

subject is like model 1 except that the display is reset to zero for x after +

4 - 1

or = after x. The productions for-that subject aze P13A, Pl4A, P15D, P16D. 4

‘Another subject has the same procedure as subjects in group 2 except that’ x
, o - .
afteg x results in the display being multiplied by the register; the productions

102

e
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tor this subject are P13A, PléB,;LlSB,'PlBA.( For a third subjgct, the display
is incrémented for = after x and x .after ='an3 when two consecutive operations

are iupdf the multiply wins;‘the productions are, P13C, P14B, P15B, P16A. The

Ayt
left portion of Table 10 summarizes the frequencieé of each of the alternative
| 4
productions for all subjects on P13, P14, P15 and Pl6.

General Conclusions

Characterizing the Differences Among Subjects . . .

The present study suggests that subjects differ w}bh\respect to their.
conceptions of the operation of electronic calculators. The foregoiné;analyses
(summa:;-ized in Table 10) provided for a detailed description of the diffgreéces
among égbjects, with each subject being described as a list of productions.

However, the goal of this section is to provide a more integrated desc;}ption of

» .
-

the major differences among subjects. Three basic kinds of differi?ces'were
observed: (1) How 1s an expression repregented in the register? For example, a
series of key strokes such as 2+x3 can be represented as 2 + 3 or 2 x 3 or 0 or

sometﬁing else. (2) When is an expression evaluated? For example, does the

.calculator evaluate at the earliest possi?le opportunity such as 2 + 3 resulting

»

in a display of 5, does the calculator wait for an equals to be pressed before

1

an evaluation takes place, or does the calculator compromise between‘these'two

extremes? (3) How is an expression evaluated? For example, a chain of arith-

’ LY

metic like 2 + 3 x 7 can be evaluated from left to right (answer is 35) or with

"multiplication first (answer is 23) or in some other way; furthermore, .non-

-

standard seduences such as 2+= can be evaluated by 1n;rementing the display to 4

.

or by ‘ignoring the plus (display is 2) or by reseting the display to 0. In .this
section, we explore how the subjects differ with respect to their conceptions of

how to represent expressions, when to evaluate, and how to evaluate.

.o
X '
7 -
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Standard conditions. First, there are some generaf differences which

~

emerge—by investigating differences for standard conditions such as # after +,

~

# after x, + after #, x after #, = after #. fhese are sequences that follow *

the standard gramﬁar of ari;hmefic, and are lisied as P2, P10, P4, P11, and 'P7
in Table 10. . : . . | ' ]
. The first issue of how to represent expréssions is fairly straightforward

“for all subjects--symbols are added to the.gegistéé in order ‘from left to right. ~
For example, the keystrokes 2 + 3 x 7 is represenﬁed~%n exactly that way in the
register. - ' ‘ . - 2 v

The seCOnd‘igéue is when to evaluate the expression. In our analysii we
located three distinct appro;ches t; the question ;f when to evaluate. ?he.
compromise method is to evaluate an expression vherlever an equals key or an
arithmetic operation key is pressed but not when a number key is pressed; the’
immediate method is t . '

LY

_+ 5 display shows 8); the

evaluate as soon as a number key is pressed ge.g., for 3

elayed method is to evaluate ondy when an equals key.
is pregsed (e.g., for 3 + 5 thexdisplay shows 5). The novices and experts tend
to differ with respect to their consensus on when to evaluate. Of the novices

13 tend to opt for compromise evaluation, 13 for delayed evaluation, and 7 for
& .’ - ﬁ

immediate evaluation; for_experts-there is a much stronger consensus of 24
> .

subjeéts favoring compromise evaluation wigh 7 favoring deléyed evaluation and 2
y .

favoring immediate. A chi-square test revealed that novices and expgr;é'differ

A ® '
significantf& with respect to the proportion of subjects favoring compromise

evaluation, x? = 6.15; df ='1, p < .05. ° b C .

. L7y
. » * N el
The third Fssue concerns how to evaluate an expression. In most ‘cases,

. subjects overwhelmingly follow the normag rules of arithmetic. However, as . - = g

2

noted earlier. when subjects use delayed evaluation they may.be confronted with

e L4

a chain of arithmetic such as 2 + 3 x 7. While tle majority of subjects eval-

.
» 7

@~ o J o llj'i.

td . 2
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'\ vate a chain from left to right (i.e., generating an answer of "35), some experts.
Whey T .

o N -
carry out multiplication before_addiﬁionhsi.e., answer is .23), and some nowices
use other schemes such as'carry out additions before multiplications or carry
. ~ }" . } . " ‘»
out only the last computation (i.e., answer 'is 21). - ..

3 .- 4
Non-standard conditions (equals after overation). In the present study we

also investigated subjects' interpretations of several non-standard gonditions;"
., = .

a -

such as = after +.9p = after x: These are conditions’ which violate the éiammar

that”demands & ;number between the’op%fation symbol and the equals symbol. Table
S -~ e o ! 7 : ’ *

10 represented these as P8 and pi2.

. . . »

The main issue here is how to’ represent and evaluate an expression when the

last key press was an operation and now an equals is pressed. For production
P8, the majority of novices {n = 27) and the majority of experts (n L 25) ignore
the -last + key that wgs'pressed. Thus; a sequence like 2+4= rgsu}ts.in a display
;f 2, or a sequence like 2+3+= results id a display of 5. Weacall this.the "no

effect" approach because subjects act;as if the plus key had no effect. A
i . - A

’

- . é
second approach is what we call the "incrementing" approach; here subjects
create some number to go bétween the + and the = such as the number in the’
display. For example,-the sequence 2+= results in a display of 4 (i.e., it is

treated as 2+25), or 2+3+= may result in 10 (i.e., it is treated*as 5+5=)-or 8

B : , . ‘
. :9 (i.e., it is treated as 2+3+3=). There were. threegnavices and 6 experts dho
opted for the inctémenting approach. A third option is what we call thew"reset"

approach. Here(subjéctsﬁreseé the display to some number (such as zero) f;; any
non-standard sequence .of key presses. Three/noviée; and two experts uééd‘a
version of the reset approgch.‘ The éoyp;rqble figures for préductioq P12 weig
29 novices and ZA experts favored the no effect approaﬁh‘while 4 novices and 8.

. &
experts favored t?é‘IﬁEremepting approach. Although the proportion bf subjects

B}

[ ' 1 Q l:) . N i
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.symbols. Tablé 10 presents these as P5, P14, P15, P1l6. °. -
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favoring the incrementing approacﬁqig'twicefaSﬂhigh for experts as for novices,
chir- aﬁuare tests failed to 1ndicate that’ the proportion of incrementing subJects

was greater for experts 1n PS, X ?61, df = 1, or P12, xz_— .92, af .= 12

Non-standard conditions (two consecutiye .0Operations). Another type of non-.

. )

- , ' A

standard condition investigated in this ;tudy was two consecutive operations

k] . < i -

such as + after #, x after x, + after x, or x after +. These are conditions

which violate the grammatical demand for a number hetween any two operatipn

~

-
s . J‘.

>

y " ' -t
.The main issue here .is how to represent and/or evaluate an expression when A

RN ] ’ ., R

at t N &

the last key presses are two arithmetic operators. The three major options

chosen by our subjects correspond to those discussed ‘above: '"no effa¢t" in-
3 . %

3

volves selecting one of the .two operation Signs to be included in the register <°

[ .

and ignoring the other; for.example, the most common version of this approach is

to ignore thedseeondnoperatian so that 2++ is represented in the register as '

s

2+ or 2xx is represented as 2x. "Increment%ngf involves ‘'selecting a number to -

0

be inserted between the operator symbois' the most common version of this — -

approach is to insert, the nﬁmber from the display so that. 2++ becomes 2+2+ or
2xx’ becomes 2x2x. "Reseésrinvolves‘crearing the d1sp1ay such as Setting it to
zero; for example, 2++ results in O being‘jasplayed. “For production PSd%He x .
maJority of novices (n = 28) and“experts (n = 24) opted for the no effec:: .l

XA
.

approach; in addition four novices and nine experts opted for' the increment‘ g
A

approach; and one novice and no experts reset:the displgy. The figures for

i'i)rociuction Pl4 are similar: °28 novices and 26 expaxté’opted for no effect; .\

»
incrementing was opted for by 4 novices and 8 experts; and one novice and one
by ‘
expert opted for the reset approach. The patterns for Fi@ and P16 are similar-—
fad o L 3 .

the majority of each n0vices5§3d experts opt for no effect but axsubstantial

. !
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number of experts opt for the incrementing option. In all productions, the

. .
A -

i . . , _— R
proportion of experts who increment is more than twice that qf the novices.
‘v . . .0' . . -
However, even in-the host ‘extreme case, the differences in proportién of "in-
ha [ 1. . .

,-

trementers” betwéen 'experts.and novices faile to reach statistical significance, ’

- -

2 = 2,27, df = 1. , o
- : : -~/

Non—standaid conditions (Aperatibn after equals) Finallyg our test in~
’A

‘o

volved two productions P6 and P13, which involve + after = and x after'? re-
spectively. The status of the register after.an = key is pressed is that it

contains a numberi -Thus, these non-standard conditions are most frequently
’ A

treated i:/;he same way that + after # orx after # is treated. For P6, 30 of !

o

the novic s and 32 of the experts use this "no effect" .approach of simply adding

" a plus sign to the reéistef. For P13, 28 novices and 27 experts follow the no

effect" approach of adding‘a multiply sign to the register. However, a sizable .

. ' [ .
minority of the experts (n = 6) opt for an°incrementing approach while a sizable

minority of the novices opt for a reset option (n = 4).

o

Summa mary. . The present s&tudy provides new information concerning how humans

" think about calculators. First, we were able to apply the analYtlc techniques

of cognitive psychology to a real-world domain. This allowed a formal and’®

'

'detailed description of how ‘each subject interpreted what was going on inside

(2 P

the "black box" when a key was pressed. Second,.in spite of the fact that all

-
e

of our subjects were proficient in using a calculator to solve standard compu-

N @
o . . o .

;tational problems,_we observed tremendous_individgal différences‘among users in

:.'their interpretations of the logic of the calculator's operating system. Thus,

» <

. in spite of apparent similar performance on standard problems, people differ

greatly in their knowledge of?how the calculator solves problems.

b

-:. - .
ot : RS ’ -
. T - 2
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.

L’ Experts tended to give more ddnsistent answers, as would be expected;
however, they also tended to prefer certain operating char§cteribtics‘such as
A ‘ ] ‘e
. eévaluating an expression for either an operation key or an'equal key (compromise. .

A v

,. e-alnator), and incremenéing the display duriﬁg evaluation with non-standird

.

¢

conditions. Further work is needed to determine whether veople with certain .

3 - sets of intuitions can use their calculatozs more creatively or can learn a new

- -

computer language (such as programmable calculators or BASIC) more efficiently
.than people with other sets of intu%tfbns. I addition, future work is needed .
, . : . ] ,

* ‘to determine whether intuitions--once they have‘been diagnosed--can be altered

-
. ?

~through insgruction. _It is hoped that the groundwork laid in this study will

serve as ancincentiVe'for continued work in the development of a theory of

! ’

. ¥ computer literacy.
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Reference Note .

At
. . « :

1. Suydam, M. N. State of the art review.op calcqlatbrs: Their use in

.

v . : h
education. Columbus, Ohio: Calculatpr Infermation Center, Report No. 3, <
1978.
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B

1Twelve gubjects were from the University of Pittsburgh and 34 subjects were
from the University of-California, Santa Barbara. However, since there were
o~ ’ ’
no systematic differences between these groups in age, sex, GPA, SAT scores,

or answers to the experimental test, they have been combined into one larger

d [

sample.

-

'ZWe wish to tﬂank Dr. ﬁarry Lighten of the Computer Science Department of
’ the University of California, Santa Barbara; for his help in locating subjects
for study 2. | ‘ ' |

3For each problem in which ﬁhe:subject gave incdnsisfént answers betwéen‘

set A and set B, the answer to the A set was used unless it was inconsistent

*with related items. . o -
4

&

N

Since the HP-21 uses rewerse Polish notation (RPN) it was not used as a

model in this study.




7 < " CL _ Table 1
' i D j"feciu'eqcies of Answers for 44 Problems
Problem ’ e Stgf dy 1 . -  Study 2- |

Number:- . Problem } ‘ Modal Answer' Alternatives ' ' Modal Answer  Altermatives .
1 2 =33 , - (.z)-33f | | o
2 2+ (2)=33 A T " =33 ©0)=1 C
3 2+3 | (3)=25 )8 o (3)=32 e5)=1 . {
4 2434 " . (5)=21= (3)=12 . A‘ (5)=23 (3)=9;(0)=1 ?
5 243+7 . ,7 - (7)=26 (12)=6; (15)=1 (M=32" (12)=1
6 “2= . (=33 . (2)=33 - ' ‘
7 24= "- o (2)=29 (4)=3;(0)=1 K o (i)-27 (4)=6 | T ,
8 243= (5)=33 e | L (5)=33 | o ‘
g 2434= ‘ (5)=30 ’ (10)=3 | O (s)m2s : (10)-5;?3)-11;(85-1 i
10 243+7= (12)=29 (10)=2; (11)=1;(15)=1 - KR | SR
(12)=33 ;
. N ;
1 2% (2)=33, (=32 (=1 ,
12 - 2x3 | (=26 (6)=9 ‘ (3)=33 ;e g ?
13 23 (6)=24 3= (6)=23 (3)=9; (0)=1 - 'g t
14 2 A (=24, * (42)=9 £ ayn =1 | \'_ ‘é !
FRIC 119 2 (2)=29 W anezs - @ty L1EF i
| o
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: N Tabie 1 (Con't.) ) Co. é

Frequencies of Answers for 44 Problems

* . .
- . -

Problem - - . §£;££:I’/ ' [ ; : Study 2
Number Problem Modal Answer Alternatives , Modal Answer Alternatives
EET A . (5)=29 (36)=4 C T (e)=23 T (36)=6;(3)=2; (18)=1; (0)=1
" . mawe e . @eLOA . a )32 (41)=1 “
19 2+3x G2 (3)=11 . T8 (3)é13;(0)-1;(6)=1‘
20 S 243x7  (5)=25 (35)=7; (42)=1 (1)=32 (42)=1 |
© 21 2 - (6)=24 (3)=9 - ®=25 (37301
22 - 2347 . (=26 1y=71 . . | =32 (13)=1 B
723’~ 243k (5)=26 T (@5)=33)=2;AD=1;(D=1 . (5)=23 kzs)sag(s)-a;(11)=2;(2)-1;(15)-1
2L 2437 (35)=29  1(23)=2;(21)=1; (42)=1 L @mm=23 (23T (h2)=2; (45) =1
25 ' 2x3+= (6)=29+ 123=3;(3)=1 O ey . (12)55; (3)=1;(18)=1
26 - 2x347m (13)=29 (42)=2; (10)=1; (20)=1 " Camest (11)-1;(42)-1
27 20 @29 @OpA0- @ @ees@e-
28 2ems . @21 (8=l =2 . . C@=25 . (4)=85(0)=1
29’ 24mt=t (2)=26 ® 3;(q)=2;(4)=1;(§)=i . | @=23 . (®)=5;@=25®)2O=1
30 . 2+=+3 (3)=28 . (5) h . - (3)=32 (2)=1 | % ;
o 2+4m @)=27 . - 40=3TeB)=2;(0)=1 - . @=22 (4)=63 (8) =4 (6)=1 3 gf'
y, 32 L 24t (2)=28 (8)%2;(4)=1; (6)=1; (0)=1 e ) ’
- (8)753 (4)=3; (6)=1 - - ( ' 11v

o Y
W _ . . - : e
. . R
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S » b . * . ) '
™ Table 1 (Con't.) )
= Frequencies of Answers for 44 Problems | e
AProblem 2 . Study 1 | i , Study 2 ’ |
Number  Problem Modal Answer ~Alternatives . Modal Answer Alternatives ‘
33 C 2eerm= . @=28 0 Q6)=3;®)=1(0)=1 Ce2e (16)=5;(6)=3; (81 -
34 C Bema= (26, (D03 (4)=26. (7)=6} (3)=1
35 Coaxx (2)=29 | (4)=3;(0}%1' . (2)=23  (4)=9;(0)=1
36 2xek @28 . @=h; )= - (@)= (4)=8; (0)=1 ,
37 Comex . (@27 (16)=3; (4)=1; (8)=1; (0)=1 (2)=21 (16)=5; (8)=4% (4)=2; (0)=1 %
. 2x=x3 C(3)=26 (6)=9 : - (3)=29 (6)=3; (12)=1 . ?
39 T (2)=26 (@=b; ®)=L;O)=1;(1=1  (@=20 - (§)=T;(16)=3; (8)=2; (0)=1
40 2x=x= © o (2)=27 (ie)as;(oj-l;(4)-1;(87‘}A'\ L ;(z)-zé ') ”'f(165-5;(8)-3;(4)-2§(b)?l R
L4l 2xexexs (2)=27 (256):5(85-1;(16)-1;(@)-i' L @ (256)=5;(16)-2i(8)=3;(325-1;(0);1“l
a2 .. 2xex3= (6)=24 o (3)=5;(12)=3; (48)=1 T (et L ADR @)=L 0= i
43 2x+3= (5)=16 | (6)=13; (7)=2; (8)=1; (3)=1 (5)=21 (7)=63(6)=3; (e)=2; (3)=1 ?f
44  2uxd=. " (6)=25 (5)=4;3 (3)=2; (12)=2  (6)=24 (12)=65(5)=1; (7)=1; (e)=1 f
\ . SR | N DR

» ¢

Note. - Number in parentheses indicates answer; number to right of e{ﬁals‘quicates‘frequency.

$1039[NOTED"




L X ' > P o . Table 2

Conditioq;rfor'Simple Preblems

¥ ‘ \

| Name .+ Condition .Example Descrigtion ' .
- ’ . b . - . 3 \’
r . : » ) s 'y .
Pl - # after # 2 3 N iPressing.a-ngmber key after p:éssing a number. key.
. - ¢ 4
( P2* # after + + 3 - - '?tessing a number kéy after pressing g'p}us key. .
P3 _ # after = = 3 g Presging a m - er key after'pressing an equaiq key. -
. . . P - . . s ’
. - /—"/ . ) o "©
L. P4* + after *# . 2+ . Pressing a plus key after pressing a number key.
. ) v . N . - - ' . ‘ f - i
P5* + after + +. + . - Pressing a plus key after pressing a plus key. -
P6* ° + after = = + Pressing a plus key after pregsing.an bquéls'key.: ; .
. s . ' .. ~ . (3 . LN
P7* . = after # - 3 = Pressing an equals key after pressing a numbei key. ‘
P8* | = after + + = . Pressing an equfls key after pressing a plus key.
P9 = after = = = Pressing an equals keyiafter pressing“an equalé kéy.
, .o oo /
LY . . . -
Note.--Asterisk (*) indiqftee thqg production is relevant to simple problems. Pl, P3 and P9 are not
A3 . ‘ kS
relevant since they do fot occur in the simpie problems. ' .. ' : 7 'S, ’
¢ A . . ¥ . b ‘ . ° ’ ’ F
R ' - g
. ¥ N o &
. [nd
~ v g
«




Action

o
L]

o
L]

=
]

w
n

eval(R)

eval(D+R)

"R"'#"

-
eval (R)

ks Description

~Erase the old number from the displdy.

Erase»the old number from the displa&.

3

l‘-
N

* P
PR T

. <€
. . .

No change ig the display

Erase the old numbercfrom the; display.
Erase the old number from the display.

'

i

-

P -~

No change in register: ,

x Retain the present expressioﬁ in thevregiéter.

Retain the present expression in the register.

. , .+ Table 3

Some Acﬁion for Simple Problems o ' . \

Put the new number in’thé display.
Copy the number from the register into the display. : K .

Pat the value for theﬂexpressipn in the register into the display.

”Place

Place

Erase the old number or expression from the register.

Y

s ’ : - !

[E

Replace it with the value £Or the sum of that number from the -,

display and the value in the register" .

-
5.

a number to.the right ‘of the expression in the register. Y

<

-k

a number to the right of the exptession in the register..=
_Replace it 'ith the evaluation of the number ot “ 'é
T :. . expression. ;

'
n

w
L}

- eval (D+).

: ‘ /
Erase the old number or expression from the register.

eval (R)+ Erase the old expressionior.pumber from the register.

Réplace’ it with the sum of the numbar’ in the

. |

display plus ‘the evfluation of ‘the register. - :
; LA : : .if
Replace’it with the evaluation of that number or oo

expression, ang'follow that with a plus.

1t

ta
i~ b
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_ Table 4 o :
Problems and Answers<¥er 18 Simple Items for Four Groups of Subjeéts »
?roblgm L ~Groug-1 - Group 2 "Group 3 Group 4 Group 5
Number  Problem  Answer Ansver ° Answer "Answer .Answer  Miscellaneous.
A‘ .'l " V - /‘ 13
1 2 2 2 2 2 2
2 2+ 2 2 2 2, 2 .
3 2+3° 3 .3 . 5 3 3
4 243+ 5 3 5 5 .5
5 24337 "7 7 12 7 7
6 2= 2 2 2 2 2
¥ . k s -
7 2+= 2 2 ) 4 2
8 243= 5 5 5 5 .57
9 2+3+= 5 .S | 5 10 L5
. . . 2 : .
‘1o 24347= 12 12 12 12 12 oy
T27 24+ 2 2 2 4 4 v
28 2+=+ 2 2 2 4 2
29 2+=4=+ z "2 2 8 gk;&
¥
30 2+=+3 3 3 5 3 . 3 )
31 24+= 2 2 2 8 . 4 ;
32 24mt= 2 2 2 8 2 :
4
33 Qt=tmt= 2 2 2 16 2
A -
34 2+=43= 5 5 : 5_// 7 5
Number of Subjects- o .
Study 1 8 " 10 .5 2 - 1 7
Number of Subjects- . ' e ,

Study 2 11 o7 2 3 6




Production

Name
-PZA
p4A
P5A
-P6A
P7A

P8A

1f #
1f +
if +
if +

If =

1f =

Note.--Evaluates after +

;o
7

Table 5

Production System for Model 1 (Compromise Evaluation)

Condition

aftég
after
after
v

after
after

after

or =,

Action | Coﬁheﬁts
; then SetD=# .. Set R="R + "
# then Set D = eval (R) Set R = eval (R) +
+ then Set D =D _' Set R + =‘R\+ ‘(Nd CHANGE)
= ' then Set D = eval (R) ?Set R ; eval (R) , " ' -
# - then Set D = eval (R) SetR ; eval (R) |
+ then Set D = eval (R) Set R = evalt(R)
Display is non-incrementi;g.

R .
4§
125
p g !
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Production System for Model 2 (Delayed Evaluation)

Production .

Name Condition
P2A If # after +
P4B If + after #
P5A - If + after +
P6A If + after =
P7A If = after #
P8A

2y

’

Note.--Evaluates after

If = after +

170

Tabl

e 6

Action

then
then
.then
then
then

then

Set' D

Set D

Set D

Set. D

Set D

Set D

=, Displéy is non-incrementing.

= D

=D

= eval (R)

= eval (R)

3

Set R="R + #"

‘Set R

Set. R

Set R

Set R

Set R

= eval (R) +

+

= R +
R+ -
eval (R)

eval (R)

Comments

(SAME AS MODEL 1)

(SAME AS.MODEL 1) -

' (SAME AS MODEL 1)
(SAME AS MODEL 1)

(SAME AS MODEL 1)

il
' sx03RTNOTRY)




. | ' Table 7° - | |
?roductiéq System for Model 3 (Immediate Evéluation)
3 s 4 . . - . ’ - . . X ) 1
: $
Production
Name Condition Action . o * _ Comments
’ : ) ¢ : . ,
P2B 1f # after + then Set D = eval (R +#) Set R = eval (R+#)
" P4B ' If + after # - then Set D =D Set R = eval (R) +
PSA ' If + after + then Set D = D  Set R=R+: ¢ (salte As MoDEL 1) .
P6A If + after = then Set D =D . Set R=R+ (sMiE As MODEL 1)°
* P7B ‘ ‘ 1f = after # ‘ rd;:n Set D =D .Set R=R._ 4 (NO CHAMNGE)
P8B If = after + then Set D=D Set R =R . (NO CHANGE) -
) o ot ‘ | . . : . » » X
‘Note.~-Evaluate after #. fpisplay is non-incrementing.
¢
\ ‘ . € . ' o . ‘ . ’
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Production

Number

H 1

P2C

P4C

. P5B

P6A
- P7A

P8C

Table 8

Production System for Model 4 (Incrementing Display)

Condition

If # after

If + after

A

1f + after
I1f + after

\\\lfl- after

- If = after

.

Note.--Evaluate after + or =.

L4

»

© Action
+ : then éet.n -§ . Set R = eval (R + #)
# " then Set D =R  Set R=R
+ then Set D = eval (D+R) Set R = eval (D+R)
. then Set D = eval (R) Set R = eval (R)
$ then Set D = eval (R) Set R = eval (R)
+ then Set D= eval (D+R) SEt R = eval (D+R)

Dispiay is incrementing.

N7

Comments

(INCREMENTING DISPLAY)
(SAME AS MODEL 1)
(SAME AS MODEL 1) .-

(INCREMENTING DISPLAY)

T

9t
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‘ ’ Table 9 , . e
Produét:[on System for Model 5 (Partially Incrementing Display) ' . - -
3 Name Condition * Action o » . L Comments
, /» P24 If # after + then Set D = # ‘Set R = "R + " . (SAME AS MODEL 1)
T e If + after # then 'Set D = eval (R) Set R = eval (R) + (SAME AS MODEL 1)
R l"P;SB - If + after + thea Set D = eval (D+R) Set R = eval (D+R) (SAME AS MODEL 4)
. . :%’;{k ( L ' . . f
- yepEA - If + after = then Set D = eval (R) Set R = eval (R) (SAME AS MODEL 1)
pfh’ # If = atter # < . then Set D = eval (R) Set R = eval (R) ' (SMME As MODEL 1)
-PEA . . If = after + then Set D = eval (R) Set R = ev